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BIOTIN AND THE AVIDIN-BIOTIN COMPLEX 


ROY HERTZ 
U. 8. Public Health Service, National Institute of Health, Bethesda, Md. 


The present review is an attempt to bring together the available biological 
information regarding biotin and the avidin-biotin complex. The chemical 
aspect of this subject has been adequately treated in several recent reviews and 
will not be dealt with here (1, 2, 3). 

Wildiers (4) first appreciated the requirement of certain strains of yeast for a 
trace factor, which he called “‘bios.’”” Subsequent study indicated that the term 
“bios” referred to multiple factors affecting yeast growth. One of these factors 
was isolated by Kégl and Tonnis (5) and named “‘biotin.”’ 

Avidin is the substance which is considered to be responsible for the noxious 
effects of the ingestion of large amounts of egg white in several species of animals 
(6). It has also been called ‘‘anti-biotin” (7), but general usage has made avidin 
the more acceptable term, particularly since other substances having anti-biotin 
activity have been described (133), (20), (20a), (20b). 

Methods of assay for biotin. In view of the quantitative requirement of numer- 
ous microorganisms for biotin, microbiological tests for this substance have 
been highly developed. Table 1 summarizes the essential features of the more 
commonly used tests. They all depend upon the same principle. The test 
organism is grown on a medium that will afford increasing bacterial growth as 
additional amounts of biotin are added. Optimal growth must be achieved 
upon the addition of an excess of biotin. The growth obtained may be measured 
turbidimetrically or acidimetrically. 

The preparation of the sample for assay remains one of the most difficult 
steps in testing for this potent growth factor. Lampen et al. (17) have empha- 
sized the occurrence of biotin in bound form in most natural materials. Various 
methods have been devised for the release of bound biotin since the vitamin is 
available to the test organism only in the free state. Autolysis, enzymatic 
digestion, and acid hydrolysis are the chief methods thus far employed, and none 
of them is universally applicable (8, 13, 16). Incomplete liberation by too mild 
a treatment and possible destruction by more drastic procedures must be care- 
fully avoided. The shortcomings of such extraction procedures are reflected in 
the widely differing assay results reported for many tissues and foods (8, 11, 12, 
17). 

Interpretation of the microbiological results is further complicated by the 
existence of several biotinlike factors which support the growth of the several 
test organisms to varying degrees. Burk and Winzler have referred to these 
growth factors as ‘‘vitamers” and have indicated differences both in their heat 
stability and in their respective potencies for several organisms (18). Moreover, 
the diaminocarboxylic acid derived from biotin, the natural occurrence of which 
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is totally unknown, has been shown to have 10 per cent of the yeast-growth ac- 
tivity of biotin itself (19). A considerable series of biotin derivatives, which are 
discussed later, have been shown to have distinctive potencies for several different 
test organisms (20, 20a, 20b, 124~-128a). Accordingly, a microbiological de- 
termination of biotin in a natural material is merely a resultant of numerous 
growth effects and represents only that proportion of the total complex of biotin 
and biotinlike substances which has been rendered available to the test organism 
employed. 

Animal assays for biotin have been largely neglected because of the greater 
convenience and sensitivity of the microbiological methods. However, Gyorgy 
and his associates (21-23) successfully employed the egg-white-injured rat as a 
test animal in their earlier studies of the properties of vitamin H. In addition, 
Ansbacher and Landy (24) prepared a deficiency-producing diet for the chick 








TABLE 1 
Microbiological methods for biotin assay 
RANGE IN 
TEST ORGANISM MILLI- METHOD OF READING ERROR REFERENCE 
MICROGRAMS 
Per cent 
Saccharomyces cervisiae 0.002-1.0 | Turbidimetric (8) 
Saccharomyces cerevisiae no. 139 1.0-0.5 | Turbidimetric 5 (9) 
Lactobacillus arabinosus 0.25-1.5 | Acidimetric (10) 
(11) 
Lactobacillus casei 40-1000 | Acidimetric 10 (12) 
(14) 
Lactobacillus casei 100-300 | Acidimetric (13) 
Clostridium butylicum 0.01-? Turbidimetric 20 (15 
17 
Rhizobium trifolii 0.016-? Turbidimetric 61 

















which could be used for assay purposes. A study of the comparative biological 
potency of natural material containing biotin as determined by the available 
animal and microbiological methods would probably afford some information 
regarding the various forms in which biotin may occur in nature. Similar studies 
in relation to pyridoxine and folic acid have led to the recognition of the several 
forms in which these vitamins may be found (25, 26). 

Occurrence of biotin. In spite of the sensitivity of the microbiological tests, 
our knowledge of the actual distribution of biotin in nature is not precise. The 
difficulties of adequately extracting the entire biotin content from tissues and 
foods have led observers to accept the highest values obtained as the true measure 
of biotin content. For the reasons already discussed, these determinations can be 
regarded as only gross approximations until more is known concerning the con- | 
ditions for optimal release of biotin from the bound form. Several tabulations of : 
such determinations of biotin in a wide variety of natural materials are available | 
(8, 11, 12, 16-18). Biotin is found in varying degree in almost all substances 
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tested. The high content of biotin in liver and yeast indicates its close relation- 
ship to the B-complex, an observation actually made by Boas (27) in her early 
studies on egg-white injury. 

The presence of biotin in several highly purified natural materials warrants 
special consideration. Hoagland et al. (28) have shown that the elementary 
bodies of vaccinia contain both free and bound biotin in approximately the 
same amount as that found in such rich sources as egg yolk and liver. Sprince 
and Schoenbach (29) reported that highly purified concentrates of the tobacco 
mosaic virus protein contained no biotin. Miller et al. (30a) found considerable 
amounts of bound biotin in numerous preparations of crystalline enzymes, but 
the concentrations exceeded by far the expected amount of biotin, assuming an 
equimolar ratio of biotin to protein. This suggested that the demonstrated 
biotin is presumably not an integral part of the enzyme molecule. Williams et al. 
(30) found that biotin as well as the other B-complex factors were present in 
numerous preparations of presumably pure proteins, including several crystalline 
enzymes and viruses. The data do not determine whether biotin is an integral 
part of these substances or is simply present as a trace contaminant. In any 
event, the microbiological determination of biotin and the other B-complex 
factors may be utilized as a highly sensitive indicator of the purity of such biolog- 
ical preparations (30a). 

The occurrence of biotin in numerous phyla has been reported by Woods et al. 
(31). This almost universal distribution of biotin further emphasizes its basic 
biological significance. 

Biotin and avidin in nutrition and reproduction. Bond (32) reported that rats 
failed to grow when fed a diet containing 30 per cent dried egg white. 

In 1924 Boas called further attention to the peculiar nutritive properties 
of dried egg white (33, 34). Her thorough description of the observable features 
of egg white injury in the rat includes virtually all that has been noted up to the 
present time. 


The rats grow well and are usually in good health for from 2 to 3 weeks. Then red scaly 
patches appear at the corners of the mouth, the coat becomes rough and sticky and the long 
hairs fall out. The fur on the abdomen shows at first a characteristic ribbed appearance, 
followed by the development of bald areas. Meanwhile the red patches spread to other 
parts of the body and the picture is one of an eczematous dermatitis. There are even skin 
hemorrhages in severe cases. The region round the mouth is always the most severely 
affected though there is often such marked blepharitis that the eyes are closed. The loss 
of hair is often extensive. Ina few cases oedema of the feet has been seen but this does not 
usually occur. These rats always have a distinctive, somewhat musty smell, probably 
due to some constituent of the urine. The body weight remains stationary for a week or 
two, but falls slowly during the second stage of the disease. This is reached about 2 to 3 
weeks after the development of the first signs of deficiency. To the dermatitis, symptoms 
of nervous upset are now added. There is pronounced spasticity of the limbs, particularly 
of the hind legs, and the back is arched. The rat assumes in many cases a kangaroo-like 
posture. . . . Some of the rats do not show marked spasticity but assume a crouching atti- 
tude and display a curious swimming movement with the front paws. Death, which occurs 
in the final phase, is preceded by a rapid loss of weight, and the animal shows signs of ex- 
treme cyanosis. Rigor mortis sets in rapidly. Post mortem, there is an almost complete 
absence of fat and the skin is infiltrated and vascularized. 
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The present review is an attempt to bring together the available biological 
information regarding biotin and the avidin-biotin complex. The chemical 
aspect of this subject has been adequately treated in several recent reviews and 
will not be dealt with here (1, 2, 3). 

Wildiers (4) first appreciated the requirement of certain strains of yeast for a 
trace factor, which he called “bios.” Subsequent study indicated that the term 
“bios” referred to multiple factors affecting yeast growth. One of these factors 
was isolated by K6égl and Tonnis (5) and named “‘biotin.”’ 

Avidin is the substance which is considered to be responsible for the noxious 
effects of the ingestion of large amounts of egg white in several species of animals 
(6). It has also been called “‘anti-biotin” (7), but general usage has made avidin 
the more acceptable term, particularly since other substances having anti-biotin 
activity have been described (133), (20), (20a), (20b). 

Methods of assay for biotin. In view of the quantitative requirement of numer- 
ous microorganisms for biotin, microbiological tests for this substance have 
been highly developed. Table 1 summarizes the essential features of the more 
commonly used tests. ‘They all depend upon the same principle. The test 
organism is grown on a medium that will afford increasing bacterial growth as 
additional amounts of biotin are added. Optimal growth must be achieved 
upon the addition of an excess of biotin. The growth obtained may be measured 
turbidimetrically or acidimetrically. 

The preparation of the sample for assay remains one of the most difficult 
steps in testing for this potent growth factor. Lampen et al. (17) have empha- 
sized the occurrence of biotin in bound form in most natural materials. Various 
methods have been devised for the release of bound biotin since the vitamin is 
available to the test organism only in the free state. Autolysis, enzymatic 
digestion, and acid hydrolysis are the chief methods thus far employed, and none 
of them is universally applicable (8, 13, 16). Incomplete liberation by too mild 
a treatment and possible destruction by more drastic procedures must be care- 
fully avoided. The shortcomings of such extraction procedures are reflected in 
the widely differing assay results reported for many tissues and foods (8, 11, 12, 
17). 

Interpretation of the microbiological results is further complicated by the 
existence of several biotinlike factors which support the growth of the several 
test organisms to varying degrees. Burk and Winzler have referred to these 
growth factors as ‘‘vitamers” and have indicated differences both in their heat 
stability and in their respective potencies for several organisms (18). Moreover, 
the diaminocarboxylic acid derived from biotin, the natural occurrence of which 
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is totally unknown, has been shown to have 10 per cent of the yeast-growth ac- 
tivity of biotin itself (19). A considerable series of biotin derivatives, which are 
discussed later, have been shown to have distinctive potencies for several different 
test organisms (20, 20a, 20b, 124-128a). Accordingly, a microbiological de- 
termination of biotin in a natural material is merely a resultant of numerous 
growth effects and represents only that proportion of the total complex of biotin 
and biotinlike substances which has been rendered available to the test organism 
employed. 

Animal assays for biotin have been largely neglected because of the greater 
convenience and sensitivity of the microbiological methods. However, Gyorgy 
and his associates (21-23) successfully employed the egg-white-injured rat as a 
test animal in their earlier studies of the properties of vitamin H. In addition, 
Ansbacher and Landy (24) prepared a deficiency-producing diet for the chick 











TABLE 1 
Microbiological methods for biotin assay 
RANGE IN 
TEST ORGANISM MILLI- METHOD OF READING ERROR REFERENCE 
MICROGRAMS 
Per cent 
Saccharomyces cervisiae 0.002-1.0 | Turbidimetric (8) 
Saccharomyces cerevisiae no. 139 1.0-0.5 | Turbidimetric 5 (9) 
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regarding the various forms in which biotin may occur in nature. Similar studies 
in relation to pyridoxine and folic acid have led to the recognition of the several 
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Occurrence of biotin. In spite of the sensitivity of the microbiological tests, 
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difficulties of adequately extracting the entire biotin content from tissues and 
foods have led observers to accept the highest values obtained as the true measure 
of biotin content. For the reasons already discussed, these determinations can be 
regarded as only gross approximations until more is known concerning the con- 
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tested. The high content of biotin in liver and yeast indicates its close relation- 
ship to the B-complex, an observation actually made by Boas (27) in her early 
studies on egg-white injury. 

The presence of biotin in several highly purified natural materials warrants 
special consideration. Hoagland et al. (28) have shown that the elementary 
bodies of vaccinia contain both free and bound biotin in approximately the 
same amount as that found in such rich sources as egg yolk and liver. Sprince 
and Schoenbach (29) reported that highly purified concentrates of the tobacco 
mosaic virus protein contained no biotin. Miller et al. (30a) found considerable 
amounts of bound biotin in numerous preparations of crystalline enzymes, but 
the concentrations exceeded by far the expected amount of biotin, assuming an 
equimolar ratio of biotin to protein. This suggested that the demonstrated 
biotin is presumably not an integral part of the enzyme molecule. Williams et al. 
(30) found that biotin as well as the other B-complex factors were present in 
numerous preparations of presumably pure proteins, including several crystalline 
enzymes and viruses. The data do not determine whether biotin is an integral 
part of these substances or is simply present as a trace contaminant. In any 
event, the microbiological determination of biotin and the other B-complex 
factors may be utilized as a highly sensitive indicator of the purity of such biolog- 
ical preparations (30a). 

The occurrence of biotin in numerous phyla has been reported by Woods et al. 
(31). This almost universal distribution of biotin further emphasizes its basic 
biological significance. 

Biotin and avidin tn nutrition and reproduction. Bond (32) reported that rats 
failed to grow when fed a diet containing 30 per cent dried egg white. 

In 1924 Boas called further attention to the peculiar nutritive properties 
of dried egg white (33, 34). Her thorough description of the observable features 


of egg white injury in the rat includes virtually all that has been noted up to the 
present time. 


The rats grow well and are usually in good health for from 2 to 3 weeks. Then red scaly 
patches appear at the corners of the mouth, the coat becomes rough and sticky and the long 
hairs fall out. The fur on the abdomen shows at first a characteristic ribbed appearance, 
followed by the development of bald areas. Meanwhile the red patches spread to other 
parts of the body and the picture is one of an eczematous dermatitis. There are even skin 
hemorrhages in severe cases. The region round the mouth is always the most severely 
affected though there is often such marked blepharitis that the eyes are closed. The loss 
of hair is often extensive. Ina few cases oedema of the feet has been seen but this does not 
usually occur. These rats always have a distinctive, somewhat musty smell, probably 
due to some constituent of the urine. The body weight remains stationary for a week or 
two, but falls slowly during the second stage of the disease. This is reached about 2 to 3 
weeks after the development of the first signs of deficiency. To the dermatitis, symptoms 
of nervous upset are now added. There is pronounced spasticity of the limbs, particularly 
of the hind legs, and the back is arched. The rat assumes in many cases a kangaroo-like 
poeture. . . . Some of the rats do not show marked spasticity but assume a crouching atti- 
tuae and display a curious swimming movement with the front paws. Death, which occurs 
in the final phase, is preceded by a rapid loss of weight, and the animal shows signs of ex- 
treme cyanosis. Rigor mortis sets in rapidly. Post mortem, there is an almost complete 
absence of fat and the skin is infiltrated and vascularized. 
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The ability of certain foods to protect the rat against egg white injury was 
attributed by Boas to a ‘“‘protective factor” (84). She concluded that the drying 
process rendered egg albumin toxic (84). Friedberger et al. (35, 36) claimed that 
in rats fed cooked eggs the toxic effects were more marked and occurred earlier 
than in those fed raw eggs. Contrarily, Scheunert et al. (37, 38) and Stenquist 
(39) reported a marked toxic effect in rats fed raw eggs and normal growth in 
those receiving cooked eggs. The basis for the discrepancy between these 
authors’ findings has not been determined. 

Findlay and Stern (50) also described egg white injury in the rat and suggested 
its similarity to “pink disease”’ in children. 

Parsons and Kelly (40,41) demonstrated the heat lability of the toxic factor in 
egg white and found that it persisted in egg white denatured by alcohol and 
leached in running water. The toxic effects were reversed by feeding liver or 
kidney and less readily by dried milk, wheat germ, dried yeast, and dried egg 
yolk (41). Salmon and Goodman (42) also described the toxic effects of feeding 
rats egg white, either fresh or dried. Lease, Parsons and Kelly described egg 
white injury in the chick, rabbit, monkey and guinea pig as well as in the rat (43). 
Further studies by Parsons and her associates extended our knowledge of the 
anti-egg-white-injury factor and of its distribution in various foods (44-49). 

Boas (27) called attention to the similar distribution of the “protective fac- 
tor X”’ and the factors of the B-complex. Gyorgy (51, 52) emphasized the vita- 
minlike character of this factor by referring to it as ““Vitamin-H”’, a term derived 
from the German word “Haut” for skin. This concept guided the extended 
studies of Gyorgy and his associates concerning the chemical character and 
natural distribution of vitamin H (21-23, 56). This increasing body of descrip- 
tive and quantitative data led to the ultimate proof of the identity of vitamin H 
and biotin (57, 58, 59). 

Nilsson et al. (60) and West and Wilson (61) meanwhile had suggested from 
comparative quantitative data on potent concentrates that coenzyme R (62) is 
identical with biotin. This was subsequently substantiated by studies reported 
by du Vigneaud and his associates (1). 

The mechanism whereby egg white injury induces a biotin deficiency has been 
the subject of several investigations. Parsons et al. (63) found that the feces of 
rats suffering from egg-white injury proved curative of this injury only after 
heating. They “suggested as a tentative hypothesis that raw egg white derives 
its essential capacity to produce a pathological condition not from its own pos- 
sible lack of the protective factor in available form nor from the presence of a 
hypothetical anti-enzyme but from its characteristic in the digestive tract of 
combining with and holding in an unabsorbable form the protective factor which 
originated either from the diet alone or, also from an excretion into the digestive 
tract.”” Eakin et al. (64) showed that an egg-white-injury-producing diet for 
chicks contained even more biotin than did a control diet containing casein, 
but that the tissues of chicks maintained on the former contained less biotin 
than the controls. They concluded that egg-white injury is attributable to 
the capacity of egg white to render the dietary biotin unavailable to the tissues 
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of the body. Eakin et al. (65) found further that a constituent of raw egg white 
is capable of rendering biotin unavailable to yeast cells in vitro, and that heating 
effected a release of the biotin for the support of yeast growth. Gyorgy et al. 
(66) then showed a direct correlation between the capacity of an egg-white prep- 
aration to produce egg-white injury in the rat and its effectiveness in combining 
with biotin in vitro. The active constituent of egg white has accordingly been 
called “avidin” which is a contracted form of the original ‘avid albumin’, a 
term signifying its active affinity for biotin (6). 

The nature of avidin and the character of the combination of avidin with 
biotin have been the subject of considerable study. Gyorgy and Rose (67) 
observed that when avidin concentrates were administered parenterally they 
had a decisive therapeutic effect upon egg-white injury. This effect was attrib- 
uted to the bound biotin content of the avidin concentrates which presumably 
became available after injection. Gyorgy, Rose and Tomarelli (68) reported 
the sensitivity of avidin to ultraviolet light and to acidification at pH 1.8, 
calling particular attention to the fact that the presence of the avidin-biotin 
complex tended to stabilize any excess avidin present during such acidification. 
Gyorgy and Rose (69) further found that the avidin-biotin complex resists treat- 
ment with proteolytic enzymes including pepsin, trypsin, pancreatin and papain. 
In addition, incubation with preparations of liver, kidney, muscle or blood had no 
effect. However, about 10 to 20 per cent of the biotin could be liberated in a 
form which was dialyzable and would support yeast growth by treatment at pH 3 
with 0.45 per cent H.O.. These workers therefore feel that the metabolism of 
biotin and avidin is more intimately related to oxidation-reduction systems 
than to digestive enzymes. 

It should be emphasized that not all substances capable of supporting yeast 
growth in the absence of biotin are avidin-combinable. Thus, du Vigneaud et al. 
(70) prepared a diamino-carboxylic acid from biotin which supports yeast growth 
but is not inhibited by avidin, indicating that the urea ring is presumably essen- 
tial for the formation of the avidin-biotin complex. Dittmer and du Vigneaud 
(20a) have shown that shortening of the side chain of desthiobiotin eliminates 
the avidin-combining power of the derived compounds. Oppel (71) detected 
the presence of an avidin-uncombinable substance in the urine of the dog, rabbit, 
rat and man. Burk and Winzler (18) have determined the relative proportion 
of yeast supporting activity of various natural materials which is not combinable 
with avidin. Chu and Williams have employed different testing conditions 
and conclude that avidin-uncombinable factors are found only in urine (18a). 

Woolley and Longsworth (7) pointed out that if yeast cells are permitted ex- 
posure to a biotin-containing medium for 6 hours, the subsequent addition of 
avidin would be without effect upon their further growth. They interpreted 
this phenomenon as indicating that the absorption of the biotin into the yeast 
cell rendered it unavailable to the avidin. Hertz (72) has confirmed this obser- 

vation and has found in addition that the acid-extractable biotin content of a 
6 hour yeast culture remains avidin-combinable. 


Some information concerning the chemical character of avidin has been ac- 
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quired. Parsons and Kelly (41) found that saturation with ammonium sulfate 
precipitated the active material and that it was absent from purified ovalbumen. 
Eakin et al. (65, 73) prepared potent concentrates by ammonium sulfate frac- 
tionation of the acetone precipitable portion of fresh egg white. Pennington, 
Snell and Eakin (74) prepared biologically active crystals, the chemical behavior 
of which indicated that the “substance may be a protein with a large carbo- 
hydrate moiety.” 

Woolley and Longsworth (7) derived from raw egg white an amorphous 
fraction which they regarded as a single substance, as evidenced by homogeneity 
in electrophoresis and in sedimentation determinations. The substance was 
15,000 times as active as egg white and proved to be a basic protein with an 
isoelectric point at pH 10, and an estimated molecular weight of 70,000. Curi- 
ously, the pure substance retained activity after boiling in dilute acetic acid 
and was stable at room temperature in solution at a pH ranging from 1.0 to 11.0. 

The distribution of avidin in nature has been studied to a limited extent. 
Gyorgy and Rose (75) determined that the amount of avidin present in the 
average hen’s egg is sufficient to more than completely neutralize its biotin con- 
tent. Woolley and Longsworth (7) detected traces of anti-biotin activity in 
certain purified basic proteins. Hertz and Sebrell (76) found relatively high 
avidin titres in the eggs of not only other birds such as the turkey; duck and 
goose, but also in the egg jelly of two species of frogs. They emphasized the 
fact that the egg albumen represents a secretion from the mucosal lining of the 
oviduct and demonstrated the presence of avidin in the oviduct tissue of the 
hen and frog (76). 

Fraps, Hertz and Sebrell (77) found that avidin is present only in the albumen- 
secreting portion of the oviduct. Moreover, the oviduct of the nonlaying hen 
was free of avidin, indicating that avidin production may depend upon ovarian 
function. Hertz, Fraps and Sebrell (78, 79) further demonstrated that avidin 
secretion could be induced in the oviduct of the newborn chick by combined 
treatment with stilbestrol and either progesterone, desoxycorticosterone acetate, 
or testosterone propionate. Hertz (72) has tested mucosal scrapings from the 
oviducts of pig, cow and guinea pig for avidin with entirely negative results. 

The suggested réle of avidin and biotin in the physiology of reproduction re- 
mains unclarified, but several additional studies in this connection should be 
cited. Cravens et al. (80) found that the low hatchability of eggs from hens 
maintained on a low-biotin diet could be overcome by adding biotin-containing 
concentrates to the diet. Kennedy and Palmer (81) have shown that egg-white 
injury in the rat does not interfere with conception but leads to frequent 
fetal resorption and impaired lactation. Snell and Quarles (82) showed that the 
biotin content of the hen’s egg remains almost constant throughout incubation. 
Singher et al. (83) found that the liver of the biotin-deficient rat retains its 
capacity to inactivate estradiol in vitro. These studies are as yet too diverse 
to permit any generalizations to be made from them. 

The possible relationship between avidin and other biologically active princi- 
ples found in egg white has been investigated. Laurence (53) reported a remark- 
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able correspondence between the lysozyme activity and avidin potency of seven 
egg-white concentrates. Meyer (54) reported similar results and stated further 
that the addition of biotin markedly enhances the lysozyme activity of egg-white 
preparations. However, Landy (55) had previously indicated a lack of correla- 
tion between lysozyme and avidin activity. Woolley and Longsworth (7) also 
noted that their pure avidin preparations lacked lytic power. Alderton et al. 
(84) reported that pure lysozyme not only failed to inactivate biotin but also 
that the addition of biotin did not enhance its potency. In addition, highly 
purified avidin concentrates showed no lysozyme activity. The more cogent 
evidence indicates, therefore, that avidin and lysozyme are distinct substances 
and that biotin is not involved in the lysozyme effect. 

Biotin is known to be required by numerous species in addition to the rat. 
Norris and Ringrose (85) produced a dermatitis in chick on both a purified diet 
and one containing egg white. Lease and Parsons (47) also observed a marked 
dermatitis in chicks fed egg white. This chick dermatitis was more specifically 
attributed to biotin deficiency by Hegsted et al. (86), who were able to cure 
severe skin lesions in chicks fed a purified diet by feeding small amounts of 
biotin concentrates. Ansbacher and Landy (24), employing a heated ration, 
were able to cure the deficiency syndrome by administering crystalline biotin. 
Hegsted et al. (87) subsequently reported similar results with pure biotin. 

Perosis has been attributed to a biotin deficiency in both chicks (88) and 
turkey poults (89). Richardson, Hogan and Miller (90) have indicated that 
perosis in chicks may be a nonspecific effect of several nutritional deficiencies in 
addition to biotin deficiency. Similar conclusions were reached by Patrick et al. 
(91) regarding perosis in turkey poults. 

Among the rodents, the golden hamster has been shown to require biotin for 
optimal growth and reproduction (92). However, the cotton rat is able to grow 
on a highly purified diet without added biotin (93). Reference has already been 
made to the observations of Lease et al. upon egg-white injury in the rabbit and 
guinea pig (43). 

Man and the Macaca rhesus monkey are the only primates whose biotin re- 
quirement has been studied. Lease, Parsons and Kelly observed a characteristic 
dermatitis and general debility in monkeys fed a diet containing egg white (43). 
Waisman and Elvejhem noted a beneficial effect of biotin upon the hair coat and 
skin of monkeys maintained on a purified diet (94). 

Oppel (71, 95, 96) has determined the urinary and fecal excretion of biotin in 
man under varying conditions. The normal adult excreted in the urine from 7 to 
89 micrograms of biotin daily. Ingestion of a crude biotin concentrate was 
promptly reflected in a marked rise in urinary output. No correlation could be 
made between any of the numerous disease conditions studied and the urinary 
output of biotin. The fecal excretion of biotin was independent of the dietary 
biotin and exceeded it in most instances. The occurrence in human urine of an 
avidin-uncombinable substance which will support yeast growth has already been 
mentioned (71, 18). 

Gardner et al. (96a) followed the biotin excretion in 3 normal young women on 
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a milk diet. The urinary biotin ranged from 40 to 57 micrograms daily and 
the fecal biotin was in the same range. In two of the individuals the output 
exceeded the intake.'’ These findings are in agreement with those of Oppel (96). 

Sydenstricker et al. (97, 98) fed an egg-white-containing diet to volunteers 
for prolonged periods of time. After 3 to 4 weeks a transient dermatitis was 
observed.. After 5 weeks the following clinical changes were noted: lassitude, 
somnolence, muscle pains, hyperesthesia and anorexia. Administration of a 
biotin concentrate, in amounts ranging from 150 to 300 micrograms per day 
relieved the patients of these symptoms in 3 to 5 days. The urinary excretion 
level of these patients fell gradually while they were on the experimental diet 
and rose abruptly upon the administration of the biotin concentrate. 

Williams (99) presented a detailed case report of an individual presenting a 
dermatitis associated with a history of having subsisted on raw eggs and wine 
for many years. The derm'is cleared while the patient was on a hospital 
diet but could not be reproduced on a diet of raw eggs, presumably because of 
biotin contributed by organisms harbored in the individual’s infected urinary 
tract. The case is an interesting clinical curiosity but is not to be considered a 
proved instance of human biotin deficiency. 

Fraenkel and Blewett showed that the larvae of the beetle, T'riboliwm confusum, 
require biotin when grown on an artificial diet (100, 101, 102). Rosenthal and 
Reichstein reported similar observations on the same organism (103). 

The microscopic pathology from egg-white injury in the rat has been described 
in a series of studies by Sullivan et al. (104, 105, 106). In the skin, hyper- 
keratosis, parakeratosis, acanthosis and edema were observed. The nervous 
system was found to show no change, and the hypertonicity was considered to be 
associated with pathological muscle changes resembling those seen in vitamin E 
deficiency. Shaw and Phillips (107) also reported no changes in the nervous 
system of egg-white-injured rats and described the muscles as grossly small and 
pale, with microscopic evidence of atrophy but not of true degeneration. 

McHenry and Gavin (108) found that a liver fraction which was rich in biotin 
produced fatty livers in rats. Subsequent study (109) showed that pure biotin 
was also effective and that inositol and lipocaic both counteracted this type of 
fat deposition (110). Later, MacFarland and McHenry (110a) reported that 
the biotin type of fatty liver which had been previously characterized as resistant 
to the lypotropic action of choline was in fact only partially resistant to choline. 
The more complete choline-resistance induced by the administration of a liver- 
fraction was therefore attributed to a factor other than biotin and this special 
type of fatty liver was shown to be peculiarly responsive to inositol. Best et al. 
(110b) have concluded that the response to inositol and choline of the “biotin 
fatty liver” is not distinctive in character. Moreover, the apparent greater 
responsiveness of the liver-fraction-induced-fat to inositol is regarded by them as 
. & synergistic lypotropic effect of inositol with the choline known to be contained 


1 Gardner, J., Parsons, H. T. and Peterson, W. H. (Arch. Biochem. 8, 339, 1945) have 
extended these studies in ten subjects with similar results. 
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in the liver fraction employed. This interpretation seems to account more 
adequately for the data presented. 

The effects of biotin on other specific tissues have received some study. - 
Fischer (111) noted no effect of excess biotin either upon the rate of atrophy 
of the denervated gastrocnemius muscle or upon the return of function following 
crushing of the sciatic nerve in the rat. Lazere et al. (112) similarly reported 
no effect of biotin deficiency in the rat upon the usual results of crushing the 
tibial nerve. Hamilton and Plotz (113) found that 65 per cent of explants of 
nerve tissue grown in vitro showed stimulating effects of biotin when added to a 
medium containing plasma, embryonic extract and Tyrode solution. Con- 
trarily, Burt (114) observed no growth-stimulating effect of biotin on nerve cells 
from chick embryos in tissue culture. 

Boas (27) and numerous other observers have noted neurological changes in 
the hind limbs of rats subjected to egg-white injury. Nielsen and Elvehjem 
(115) reported a prompt relief of the paralysis exhibited by biotin-deficient rats 
following biotin administration. Smith (116) has described a progressive pa- 
ralysis in dogs maintained on a purified diet supplemented with eight members 
of the B-complex and excluding biotin. Prodromal features of the paralysis 
include loss of co-ordination, weakness, and a transient generalized paralysis 
from which the animal recovers. The final paralysis is cured in a few hours by 
administration of biotin in doses as low as 100 micrograms per kilogram. The 
syndrome is also characterized by cardiac failure which in some cases leads to 
sudden death.” 

Schmidt and Landy’s completely negative findings on the effect of biotin on the 
blood pressure, heart rate, and respiration of anesthetized cats indicate that 
biotin lacks marked pharmacodynamic effect in the normal animal (117). 

The influence of biotin upon the susceptibility to and the course of infection 
has been studied to a limited extent. Trager (118, 119) found that biotin- 
deficient chicks and ducks exhibit an increased susceptibility to certain strains 
of malaria, as evidenced either by a higher peak parasite count or a prolonged 
persistence of high parasite counts in the peripheral blood. Moreover, the 
biotin level of the red blood cells and of the plasma of P. lophurae-infected chicks 
and ducks rose as the infection advanced and fell as the infection subsided. In 
ducks this effect preceded any increase in circulating young red cells. Control 
birds suffering from severe pantothenic acid deficiency showed no alteration in 
the character of the disease following inoculation with P. lophurae. These find- 
ings were interpreted as indicating a specific réle for biotin in the resistance of 
birds to malarial infection. This conclusion received considerable support from 
confirmatory data of Seeler, Ott and Gundel (119a), who reported that chicks 
on an egg-white diet showed significantly higher parasite counts after inoculation 
with P. lophurae than did control chicks receiving the same diet plus biotin. 

Caldwell and Gyorgy (120) reported a significant prolongation of the duration 


*Reugamer, W. R., Elvehjem, C. A. and Hart, E. B. (Proc. Soc. Exp. Biol. & Med. 
61, 234, 1946) have presented evidence indicating that this syndrome may be attributable 
to potassium deficiency. 
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i: of infection with Trypanosoma lewisi in the biotin-deficient rat. This, effect 
bf could be reversed by the administration of biotin even during the course of the 
i disease. 


fh No effect was noted upon the susceptibility to either Lansing strain polio- 
myelitis or to Theiler’s encephalomyelitis of mice rendered deficient in either 
i biotin, pyridoxine or inositol (120a). 

Although reference has already been made to existing reviews covering the 

chemistry of biotin (1, 2, 3), mention should be made of the recently accumulated 

: data concerning the biological effects of compounds closely related to biotin. 
ty Emerson (121) employed a therapeutic test in the egg-white-injured rat and 
‘ found that dl-biotin was half as active as biotin and that /-biotin was inactive 
‘ when fed at 7.5 times the level of biotin: In addition, dl-allobiotin, the diamino- 
i carboxylic acid, dl-diamino acid, dl-allodiamino acid, and dl-epiallo-diamino acid 
i derivatives were all inactive at high levels. Ott (122) found that /-biotin and 
dl-allobiotin were without effect in preventing dermatitis, perosis, and growth 
! failure in chicks fed a purified diet containing 15 per cent dried egg white. In 
i rats rendered biotin deficient by feeding either egg white or succinylsulfathiazole, 
i. dl-desthiobiotin is reported to have only 0.1 to 0.01 per cent activity in compari- } 
son with d-biotin (123). 

Duschinsky et al. (124) and Hofmann (125) independently synthesized a 
biotin analog in which the sulfur was replaced by oxygen. This compound, 
dl-hexhydro-2-oxo-1-furo [3,4] imidazole-4-valeric-acid, was named oxybiotin 
by the latter group (125) and o-heterobiotin by the former (124). Pilgrim et al. 
(126) stated that this compound in dl-form is half as active as d-biotin for Lacto- 
bacillus arabinosus and 40 per cent as active as d-biotin for L. casei. For S. 
cerevisiae, this compound proved 25 per cent as active as d-biotin at half maxi- 
mum growth, but only 8 per cent as active at maximum growth. Hofmann et al. 
reported further that this compound possesses therapeutic potency in egg-white 
injury in rats and both therapeutic and prophylactic effectiveness in biotin 
deficiency in chicks (128). Rubin et al. (127) reported similar findings except 
that the activity for Lactobacillus casei was found to be only 25 per cent in com- 
parison with d-biotin. In addition, this growth effect for L. caset was found to be 
inhibited by desthiobiotin and inferential evidence was presented indicating 
that the utilization of this compound by yeast involves its conversion to biotin 
or to a compound of similar activity for yeast growth. They also estimated 
this substance to be 5 per cent as active as d-biotin in curing egg-white injury in 
rats and showed that it combines with avidin in vitro (127). 

Hofmann and Winnick (128a) developed a differential test for oxybiotin as 
opposed to biotin based on the sensitivity of the latter to treatment with dilute 
potassium permanganate. By means of this test they showed that Sacoharo- 
myces cerevisiae and Rhizobium trifolii utilize oxybiotin without converting it toa 
compound which is sensitive to permanganate treatment. Control cultures 
grown on biotin or on desthiobiotin contain only a permanganate-sensitive 
substance. The basis for the discrepancy between these findings and the data of 
Rubin et al. (127) indicating a conversion of oxybiotin to biotin by yeast cells 
remains obscure. 
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Additional studies concerning the effects of biotin, desthiobiotin, and related 
compounds in bacterial and cellular metabolism are discussed in the recent 
comprehensive review of Knight (133). 

More recently, Tatum (134) demonstrated the synthesis by Penicillium chrys- 
ogenum of a substance whose biological effects are identical with those of desthio- 
biotin. Pimelic acid, but not cystine, enhanced the synthesis of this substance. 

Numerous investigations have been devoted to the problem of synthesis of 
biotin and of other B-complex factors by the intestinal flora. These studies 
have been reviewed in detail by Daft and Sebrell (129) and by Najaar and 
Barrett (130). It is particularly noteworthy that in the rat a syndrome attribut- 
able in part to biotin deficiency can be produced by the inclusion in the diet of 
one of several sulfonamide compounds which presumably inhibit the synthesis 
of biotin by the intestinal bacteria (129a, 129b, 129c). 

The réle of biotin and avidin in cancer is under study in several laboratories, 
and this aspect of the work was recently reviewed by Burk and Winzler (131). 
Subsequently, Kline, Miller and Rusch (132) reported that the feeding of dried 
egg white at a 12 per cent level in a purified diet containing suboptimal ribo- 
flavin resulted in a reduction in occurrence of hepatomas induced with butter 
yellow in the rat from a control incidence of from 77 to 82 per cent to from 18 per 
cent to zero. Either heating the egg-white or adding biotin to the diet failed to 
alter the protective effect of the diet containing egg-white although the charac- 
teristic effects of biotin deficiency were prevented by both procedures. This 
report reopens the problem of the mechanism of the protective effect exerted 
by egg white. 

A number of significant studies concerning the effects of biotin upon cellular 
metabolism have been reported. In their early observations Allison, Hoover 
and Burk (136) appreciated the remarkable stimulus to the respiration of rhizo- 
bium afforded by concentrates of the factor which they accordingly termed 
coenzyme R and which was subsequently shown to be identical with biotin 
(60, 61). Allison and Hoover later found that the response of rhizobium res- 
piration to coenzyme R depended upon the presence of assimilable nitrogen (137). 
Burk, Winzler and du Vigneaud (138, 139) have shown that biotin deficient 
yeasts similarly require ammonia or some other nitrogen source in order to re- 
spond to biotin. They also found that the effect of biotin upon biotin-deficient 
yeast is characterized by a prompt rise in fermentation within a few minutes. 
This is followed after an hour by a similar increase in respiration, but the growth 
response is not apparent for several hours. The biotin uptake of deficient yeast 
was shown to be rapid even in the absence of ammonia, but ammonia was not 
absorbed in the absence of biotin. There was neither destruction nor synthesis 
of biotin accompanying yeast growth. 

Burk and Winzler (18) have suggested a possible chemical relationship between 
the naturally occurring avidin-uncombinable form of biotin and the diamino- 
carboxylic acid derived from biotin which is also avidin uncombinable (19). 
These authors have postulated that such a substance could function as a coen- 
zyme of CQO: transfer by a reversible conversion to an avidin-combinable com- 
pound having a closed urea ring structure similar to biotin. 
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Pilgrim et al. (140) reported a marked depression of pyruvate oxidation in 
liver homogenates taken from both biotin-deficient as well as pantothenic-acid- 
deficient rats. Subsequently Summerson et al. (141) studied the effects of biotin 
on the in vitro metabolism of tissues from rats which had been subjected to egg- 
white injury. In liver slices from such animals they observed a slight rise in 
O2 consumption and R.Q., and a very marked increase in the utilization of both 
lactate and pyruvate. The heart and brain preparations from the same animals 
showed no response to the addition of biotin. Assay values given for the liver 
slices indicated a substantial reduction in biotin content, but no biotin values 
are given for the heart and brain tissues studied. 

General considerations. The studies leading from Boas’ original description 
of egg-white injury (27) to our present knowledge of the subject have constituted 
a most remarkable research achievement. First, the recognition of the egg- 
white effect as a deficiency syndrome led to an appreciation of the existence of a 
protective dietary factor (27, 51, 52). Persistent study of the nature of this 
factor indicated its vitaminlike character and something of its chemical and 
physical properties (40-41, 56-62). The identification of vitamin H with 
biotin and coenzyme R is one of those rare correlations which bring together 
segments of information that might otherwise remain unco-ordinated for many 
years. 

The next step forward was the demonstration that avidin exerts its charac- 
teristic effect by forming an unabsorbable complex with biotin (63-66). Sucha 
mechanism for the production of a toxic effect had not been previously encoun- 
tered. It will undoubtedly serve as a basis for many future investigations in 
toxicology and nutrition. 

It should be emphasized that avidin is a normally occurring basic protein 
sustance found at least in certain specialized tissues of the genital tract in species 
known to require biotin (7, 74, 76-79; 87, 24). Moreover, it is hardly to be taken 
as coincidental that egg-yolk is a good source of biotin, while egg albumen has 
the peculiar property of rendering biotin ineffective (5). Thus, a distinct 
metabolic relationship between avidin and biotin is suggested and the affinity of 
this tissue protein for a highly significant metabolite is to be regarded as more 
than a curious toxic effect. 

Although our survey has included numerous descriptions of specific biological 
effects of biotin and of biotin deficiency, these diverse observations give us little 
indication of the basic metabolic function of biotin. Yet its universal distribu- 
tion in living cells, its profound effects upon bacterial and tissue growth, and its 
very high level of biological potency per unit weight all suggest a fundamental 
réle which is yet to be elucidated. 

The immediate applicability of our knowledge of biotin and avidin to clinical 
or technological problems is also obscure. Interesting leads have been cited 
regarding the possible réle of biotin in resistance to disease (118-120). The 
clinical usefulness of egg white as a bacteriostatic agent has been reported (135), 
but such effects may be attributable to lysozyme or other anti-bacterial agents 
rather than to avidin. The suggested relationship between biotin and cancer 
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(131) is too tenuous to command early clinical consideration. Attempts are 
being made to relate clinical seborrheic dermatitis to the skin changes seen in 
egg-white injury, but no definitive data are as yet available. Synthetic biotin 
analogs which might function as specific anti-metabolites have far-reaching 
therapeutic potentialities (20, 20a, 20b, 133). 

Despite the considerable body of data already at hand, the avidin-biotin 
problem offers a stimulating challenge for further study. 
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While it has been successfully demonstrated that many organs of the body 
show a relationship between their functional capacity and their metabolism, 
present information does not perm’t us to assume a relationship between skin 
permeability and skin metabolism in man and the higher animals. A search of 
the literature has revealed that in most instances the skin has been regarded as a 
membrane whose viability was not necessarily concerned with the passage of 
substances inward. Greater stress has been placed on the mechanical and 
chemical properties of the skin, and it is, therefore, not surprising that the 
relationship between livingness and permeability has received scant attention. 


METABOLISM. H.0O.CALVERY 


In this section of the review the metabolism of the skin will be considered in 
its somewhat narrower chemical sense. Primary consideration will be given 
to the more recent literature, part of which has already been evaluated, but 
from the physiologist’s viewpoint (1, 2). Only the skin of man and the higher 
animals will be considered, and while an attempt will be made to restrict this 
review to normal skin only, it will be necessary in the case of the vitamins to 
admit the evidence of deficiency lesions in order to show the relationship of these 
substances to the normal metabolism of the skin. 

Protein. Wilkerson (3) has analyzed human stratum corneum obtained from 
a case of exfoliative dermatitis, and reported a total N content of 15.09 per cent, 
calculated on an ash-free basis. The percentage distribution of nitrogen was 
as follows: Humin N, 2.11; amide N, 3.6; basic N, 36.31; filtrate N, 58.44; 
ash, 2.6; tyrosine, 5.7; tryptophan, 1.5; cystine, 2.3; histidine, 0.6; lysine, 3.1; 
and arginine, 10.0. Objection could be made that the distribution of the amino 
acids in the sample of skin analyzed might deviate from that in skin which had 
desquamated normally. It is believed, however, that the sampling error in 
attempting a precise separation of stratum corneum in normal skin would be 
far greater. - Wilson and Lewis (4) have reported cystine values for normal 
human skin which are essentially in agreement with those of Wilkerson, although 
it is not stated how closely the sampling was restricted to stratum corneum. 

The constitution of keratin, particularly of hair and wool, as representative 
of this class of proteins, has been extensively studied in recent years by Astbury 
(5), Huggins (6), and others. There is general agreement that they are fibrous 
structures possessing the phenomena of elasticity and regular intermolecular 
folding into grid-like structures, composed of polypeptide chains with —S—S— 
(7, 8, 9) and possibly other (6) cross-linkages in the polypeptide “grid”. It is 
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to their structure primarily that the resistance of the keratins to penetration 
and destruction is attributed (10). The protein metabolism of the keratinization 
process differs from the protein metabolism of the internal cells. There is 
selection of polypeptides, high in cystine and tyrosine, containing large numbers 
of —S—S— and possibly other bridges, and there is straightening of the coiled 
polypeptide chains of the cell proteins of the lower layers. The amino acids of 
the keratins are not returned to the circulation by catabolic processes but are 
lost by exfoliation. 

The dearth of information concerning protein and amino acid metabolism of 
the corium is undoubtedly due to lack of the necessary techniques for the study 
of the specialized processes in the skin. Pigmentation, being an obvious, 
characteristic process of the cells of both the epidermis and derma, has been 
investigated by both in vitro and in vivo studies. Although tyrosinase has not 
been demonstrated in mammalian skin, it is generally assumed that tyrosine 
indirectly, and 3 ,4-dihydroxy phenylalanine directly, are the precursors of the 
melanin of mammalian melanoblasts. Following in vitro investigations of 
Rothman (11) and others (12-26), the view has been presented that the tyrosine- 
tyrosinase system may be contributory to the physiology of pigment formation 
in mammalian skin. - In addition, factors such as ultraviolet light (11), oxidants, 
antioxidants (12), adrenal glands (21) and the male and female sex hormones 
(19) have been shown to affect pigment metabolism. Two striking, independent 
reports by Fessler (27) and by Lewin and Peck (28), should stimulate further 
investigations. These investigators, using spotted guinea pigs, interchanged 
dark and white skin grafts by transplantation. It was found that the white 
areas were invaded by pigmentation from the surrounded or surrounding dark 
skin and Fessler reported that this invasion continued for a period of two years. 
For further details on pigment metabolism, particularly from the histological 
viewpoint, reference should be made to Meirowsky (29). 

New techniques for the separation of the epidermis from the corium by means 
of either heat, chemicals or trypsin have been developed by Baumberger et al. 
(30) and Medawar (31). By the use of chemicals (31) it was possible to separate 
the epidermis in its entirety, or distal to the basal cell layer, thus affording an 
opportunity to contrast chemical composition of the different layers. The use 
of heat (30), however, seems far superior to any techniques previously described, 
since it probably entails minimal alteration of the chemical composition of the 
cells. 

Carbohydrates. The carbohydrate metabolism of normal and pathological 
skin was reviewed in 1940 by Cornbleet (32) with a good bibliography; therefore, 
many details need not be repeated here. 

In table 1 are summarized the average glucose values for normal human and 
animal skin. In the case of human skin, the analyses were made of epidermis 
plus derma without subcutaneous fat. Because of uncertainty of sampling 
techniques, analytical methods, and variations in nutritional state of the skin, 
some of the values may be subject to revision. For example, Pillsbury and 
Kulchar (40) have found that the presence of glycogen in the skin is a factor 
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which may produce errors in glucose analysis. Cornbleet (32) has found that 
not only is the sampling site important in judging the glucose content of the 
skin, but also the layer depth; thus, the average glucose content of a superficial 
layer was 80.5 mgm. per cent but of a deeper layer only 62.1 mgm. per cent. 
As reported by Cornbleet (32) several investigators have studied the ratio of 
skin glucose to blood glucose and nearly all agree that the glucose level of the 
skin is directly related to that of the blood, there being a delayed rise and fall 
in the skin somewhat proportional to the rise and fall in the blood. While table 
) shows glucose values higher in skin than in blood, it appears that the truer 
picture is represented in Cornbleet’s analyses. Here the blood values range 
higher than those of the skin in all six species examined. The evidence indicates 
that the glucose of the skin is not bound but is freely diffusible, and its level can 














TABLE 1 
The glucose content of skin 
GLUCOSE, MGM./100 GRAMS WET WEIGHT 
DATE AUTHORS 
Man | Dog _ Rat |Mouse| Cat a 
1927 | Folin, Trimble and Newman (33) 67 
1929 | Urbach and Sicher (34) 47 60 | 117 53 
1931 | Trimble and Carey (35) 56 / 
1932 | Urbach and Rejto (36) 47 | 84!134| 80/| 53 
1933 | Matsumoto (37) 112 
1933 | Matsumoto (38) 91 | 114 
1934 | Nahara (39) 115 
1934 | Pillsbury and Kulchar (40) 105 
92 
1934 | Moncorps, Bohnstedt and Schmid (41) 81 
1937 | Urbach, Depisch and Sicher (42) 61 | 101 | 155 | 104 | 69 
1938 | Sellei and Spiera (43) 139 
180 
1940 | Cornbleet (32) 60-81) 71 97 | 77 78 | 105 





























be influenced by a number of factors. For example, insulin, phlorhizin, epi- 
nephrine (intracutaneously), cutting the circulation to and from the liver, and 
topical application of ice, all lower the glucose level; while epinephrine (sys- 
temically), histamine (intracutaneously), congestion, local heat, ultraviolet 
radiation, and chrysarobin, all elevate the glucose level. 

Values for the glycogen content of the skin of man, dog and rabbit have been 
assembled in table 2. Generally speaking, except for the older values 
of Schondorf, it can be said that the data are more reliable than those for glucose. 
Although the glycogen of the skin may be regarded as less mobile than the 
glucose, its level does respond to changes in diet (47) or fasting (33). In addi- 
tion, Cornbleet (32) has listed other factors which more or less influence the 
level of glycogen in the skin; these are: (a) intravenous glucose (slight in- 
crease); (b) injection of epinephrine or insulin (increase); (c) stopping blood 
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flow to and from: liver, or intracutaneous epinephrine (decrease). In contrast 
to the effect on glucose level, factors such as phlorhizin, intracutaneous histamine, 
topical application of heat or cold, ultraviolet light and chrysarobin produce 
no effect on the glycogen level in the skin. 

~The lactic acid content of skin has been determined by Pillsbury (48) in 
animals under a variety of nutritional conditions. He found that the lactic 
acid content of the skin of well-fed animals (range 70 to 138 mgm. per 100 grams 
of skin) was twice that of fasted animals (range 42 to 61 mgm. per 100 grams of 
skin) and that on incubation in dextrose solution there was an increase in lactic 
acid formation over that of the control. Fahrig (45) confirmed these findings. 


























TABLE 2 
The glycogen content of skin 
GLYCOGEN IN MGM, PER 
100 GRAMS WET WT. 
DATE AUTHORS lave.) COMMENT 
Man Dog _ 
1903 | Schondorf, by Rothman (44) 724 
1927 | Fahrig (45) ' 157 
71 
1927 | Folin, Trimble and Newman 17 Fasting 
(33) 
1930 ; Gualdi and Baldino (46) 70 
1933 | Matsumoto (37) 188 86 
(tail) | 82 
1933 | Matsumoto (38) 87 
1934 | Nahara (39) 34 
1937 | Pillsbury and Sternberg (47) 108 | Low carbohydrate diet 
137 | High carbohydrate diet 
75 | High protein diet 
1940 | Cornbleet (32) 76 | 76 Avg. 33 human subjects; avg. 
+ 36 dogs 
1940 | Cornbleet (32) 75 Superficial layer 20 subjecte 
47 Deep layer 





“Bound carbohydrate”, probably glycoproteins (36, 37), glutathione (41), 
and acetaldehyde (49) have been studied in relation to the intermediary carbo- 
hydrate metabolism of skin. 

Lipids. The “total lipids” of human “eutaneous epithelium”, and cholesterol 
have been carefully determined in two separate sets of tissues by Eckstein and 
Wile (50). The first group of eight samples was the exfoliated epithelium from 
patients having various disorders of the skin and from the soles of cadavers whose 
skin appeared to be normal. These samples were hydrolyzed with alkali and 
acidified before extraction with organic solvents; therefore, the values represented 
total lipids less the previously bound glycerol. The values for ‘total lipids” 
ranged from 2.4 to 9.9 per cent. In a second group of four samples, two were 
thoroughly extracted, the residue hydrolyzed and again extracted. This addi- 
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tional processing added only 4 per cent to the weight of the total lipids found. 
In this second group the total lipid. content of the skin ranged from 6.9 to 8.2 
per cent; the respective concentrations of some of the constituents of the total 
lipids were as follows: Total cholesterol, 18 to 23 per cent; free cholesterol, 16 to 
21 per cent; phospholipid, 2.5 to 3.2 per cent. 

The investigations of others (51-57) -have in general confirmed the findings of 
Eckstein and Wile (50). The study of the skin of the steer by Koppenhoeffer 
(56) is the most extensive of all chemical analyses of skin reported and should 
be referred to for details. The fresh skin was separated into six approximately 
horizontal layers including the hair. Reference to some of the data which are 
summarized in table 3 shows that cholesterol and free fatty acids are found chiefly 
in the epidermal region. The evidence clearly indicates that the “basal” epi- 
dermal division is the most active metabolically. ‘The complex phospholipids, 
cholesterol and its esters, oxidized cholesterol waxes of hydroxy acids with ali- 
phatic alcohols, and saturated hydroxylated free fatty acids derived from seba- 





























TABLE 3 
Distribution of lipids in the skin of the steer 
PER CENT OF TOTAL DRY WEIGHT 
Epidermal region —" Corium region 

Hair Horn Basal —_ Major Base 
a ee 4.60 | 8.72 | 7.28 | 1.95 | 2.44 | 7.15 
Cholesterol........ ee tie bue't a saenae 0.67 1.01 0.97 0.22 0.06 0.08 
ba UD SS a See ae Bt 0.00 0.03 0.09 0.02 | 0.04 | 0.04 
SR EWE SRD ek bile telson dbl tia’s 0.97 2.21 2.55 
Free fatty acids..................... 1.24 2.09 0.49 0.21 | 0.06 0.15 
Acetyl] value of total fatty acids ....| 40.70 | 47.00 | 56.80 | 37.80 | 2.40 1.40 














ceous and epidermal cells constitute a very high percentage of the lipids of the 
epidermal region. 

Burtenshaw (57) has contributed important information on the metabolism of 
the lipids of the skin and their bacteriocidal action. He found that oleic acid and 
other long-chain fatty acids and their soaps were strongly bacteriocidal, particu- 
larly.at pH below 7. The high antiseptic action of the unsaturated fatty acids 
was not always related to the degree of unsaturation. 

Vitamins. Observations on both man and animals reveal that the skin and its 
appendages often show striking changes in vitamin deficiencies. With the avail- 
ability of the purified vitamins, it has been found possible to define these rela- 
tionships more clearly. Although the normal metabolism of the skin un- 
doubtedly depends on a proper balance of all the vitamins, it is quite obvious that 
there is a more direct relationship in the case of some of them than in others. 
Two reviews (58, 59) summarize the data available up to 1942. 

In the normal metabolism of the cells of the epidermis, vitamin A is required to 
prevent metaplasia and hyperkeratosis of the surface epithelium (60) formed by 
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the rete malpighii and to prevent atrophy of the epithelial cells of the sebaceous 
glands with the accompanying accumulation of keratinized cells blocking their 
ducts. 

No specific requirements of the cells of the skin for thiamine have been estab- 
lished although there is a general appearance of malnutrition in its absence. To 
maintain normal elasticity, rigidity and color of the skin thiamine is required (61). 
These are indirect effects probably resulting from the action of thiamine on nerves 
of the skin. As a component of co-carboxylase, thiamine unquestionably must 
function in the pyruvate metabolism of the cells of the skin. 

Riboflavin as a component of cellular enzyme systems (the oxidation-reduction 
mechanism) plays a réle in skin respiration (62). That it plays a rédle in the 
capillary dilatation of the skin is evidenced by the pallor which develops in early 
deficiency and the scarlet redness of some areas which develop later. Probably 
the most characteristic action of riboflavin in skin metabolism is its stimulation of 
normal hair follicle and hair development. In addition, a number of other es- 
sential functions have been discovered: (a) It prevents atrophy of the sebaceous 
glands (58), and (b) it is necessary for regular epidermal cell development and 
cornification processes. When a deficiency of riboflavin occurs, it may be fre- 
quently manifested by the skin of the face as a greasy, scaly desquamation of the 
nasolabial folds, bridge of the nose and forehead. 

Nicotinic acid is another component of the B complex which is specifically « 
required in skin metabolism. Without it characteristic lesions of the skin de- 
velop. These have been amply described in the literature. Its deficiency is the 
primary cause of the lesions of pellagra and black tongue (63-69). The findings 
of Denton (63, 64) confirmed by Eddy and Dalldorf (65) would indicate the func- 
tion of nicotinic acid in the skin is to maintain normal water balance and struc- 
ture of the collagenous fibrils of the basement membrane. With this layer in a 
normal nutritive state, the epidermis, unless otherwise affected as in vitamin A 
deficiency, remains normal. However, when there is failure to maintain the 
specialized supporting tissues (basement membrane), the epidermis responds with 
reparative proliferation, dyskeratosis, and atrophy accompanied by vascular en- 
gorgement with ectasis and finally cicatrization of the corium. The skin of lower 
animals does not show these changes as clearly as the skin of man. 

The evidence that pyridoxine is a requirement for human skin metabolism is 
limited and not conclusive (70). It is, however, required by the rat (71, 72), 
and probably by the chick, dog, pigeon and pig (58). 

There is evidence that pantothenic acid is required by many species for the 
normal function of cells in general, including those of the skin (58, 59), although 
its requirement has not been established for man. In the skin of animals, it 
appears that a deficiency of this vitamin affects the epithelial cells of the epider- 
mis, hair follicles and glands. The manifestations frequently seen are hyperkera- 
tosis, atrophy, desquamation, alopecia and achromotrichia. 

Lack of ascorbic acid has been shown to result in petechial hemorrhages, 
usually located perifollicularly (73), and there is some evidence that this Vitamin 
may also be associated to some extent with pigment formation (19). Biotin pre- 
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vents avidin dermatitis in the rat (15), while inositol deficiency results in an 
alopecia and dermatitis in the mouse (75). Petechial hemorrhages and ecchymo- 
sis of the skin occur in vitamin K deficiency (76), and the lack of unsaturated 
fatty acids (77) produces cutaneous swellings, alopecia and dandruff-like scaling 
in the rat. 

Vitamin D apparently does not play a direct réle in the normal metabolism of 
the cells of the skin, although there is some evidence that it affects the oxygen 
uptake (78). 

Sweat. The sudoriferous or coil glands are located over the entire surface of 
the body except the margin of the lips, the glans penis and the inner surface of 
the prepuce. These glands are of twotypes. The apocrine or larger sweat glands 
are located in the pubic, circumanal, abdominal, mammary and axillary regions. 
These secrete, in addition to an aqueous sweat secretion, an odoriferous substance 
which is generally considered to produce sex attraction, and hence the apocrine 
glands are sometimes called accessory sexual glands. These glands in the female 
undergo some change in morphology during the menstrual cycle. The most 
numerous sudoriferous glands are smaller eccrine glands of much more general 
distribution over the body surface. 

The product of the sudoriferous glands is both a secretion and an excretion. It 
is a secretion because the product helps to maintain the skin in a supple condition 
and preserves tactile sensibility (79).. Even the elements which must be con- 
sidered pure waste products may serve some purpose during their discharge from 
the body. 

Composition of sweat. The acid reaction of the sweat is due to the presence in 
this secretion of fatty acids, and sodium and potaSsium acid phosphates. Mce- 
Swiney (80) gives the following average values for the composition of human 
sweat for 10 normal females and 14 normal males, respectively. 


Mgm./100 cc. 
? ro 


(SSS SSS Re A STE os, CREED, See ee. a PUR 4.7 6.0 
Ae SI it RPh” GRR RS, Ue 2 a 21.44 19.23 
i Sa als 5b a ieden a oa'a'y’ Geet ee een lab ict « 5.0 6.5 
Glucose............ hy eden cede Lode eee: Coe hin ee ee 12.6 20.0 
Gets BOON)... ek UP etl)... ee 0.37 0.30 
IS ion igs avis cape and db sp henhealss situds dae ae an). 6.14 6.57 


The presence of large amounts of lactic acid in the sweat was not confirmed by 
McSwiney. However, Couraud (81) found in the sweat of healthy subjects total 
organic acids equivalent to 13 to 45 cc. of 0.1 N NaOQH/100 cc. of the secretion. 
Of this acidity 65 to 85 per cent was due to lactic acid and 10 to 22 per cent to 
volatile acide. Whitehouse (82), in an analysis of the dissolved constituents of 

. human sweat, found wide individual variations in the K, Na and chloride con- 
‘centrations. The chloride ion concentration was usually greater than 0.15 per 
Ns cent and cccasicnally rose to as high as 0.35 per cent. The K concentration was 
between 0.014 and 0.022 per cent. The sulphate anion concentration was 
approximately 0.004 per cent. The ratio of organic matter to ash varied with 
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duration and intensity of sweating and was as low as 1:12. The lactic acid con- 
centration varied from 0.068 to 0.122 per cent and was independent of its con- 
centration in the blood. It leads to the conclusion that lactic acid is a normal 
product of metabolism and a secretion of the sweat gland rather than an excre- 
tion from the blood. The reaction of the sweat is influenced by the normal acidic 
reaction of the skin. The pH values of sweat collected from the unwashed acidic 
skin were as low as 4.4. " 

The excretory function of the sweat is illustrated by the presence of many sub- 
stances similar to those found in the urine. These are urea, ammonia, uric 
acid, creatinine, chlorides, phosphates, sulfates and certain enzymes. Concen- 
trations of the above are much lower in sweat than in the urine. 

Tennent and Silber (83) studied vitamin excretion in male subjects given nor- 
mal diets and diets supplemented by 250 mgm. of ascorbic acid, 50 mgm. Ca 
pentothenate, 10 mgm. thiamine chloride and 10 mgm. riboflavin daily for one 
week. Thirty minutes before beginning collection of sweat, each subject re- 
ceived in addition 1 gram of ascorbic acid and 50 mgm. of the other vitamins. 
Analyses of the sweat showed (a) insignificant amounts of thiamine, (b) no ascor- 
bic acid, (c) 200 micrograms dehydroascorbic acid per hour, (d) 10 micrograms 
riboflavin per hour, (e) 50 micrograms pantothenic acid per hour (24 micrograms 
per hour in subjects without supplementation). It is concluded that the loss of 
vitamins in sweat is too small to cause a vitamin deficiency. Sargent, Robinson 
and Johnson (84) studied the sweat of 11 healthy young men on normal diet pro- 
duced under various conditions of heat, relative humidity and exercise. Fresh 
sweat was examined for the following substances: Ascorbic acid, dehydroascorbic 
acid, thiamine, diphosphothiamine, riboflavin and nicotinic acid. Loss in the 
sweat of the body’s store of water-soluble vitamins was not significant. Even 
under conditions which induce a daily loss of 10 to 15 liters of sweat, excretion of 
vitamins was considerably greater in the urine than in the sweat. 

Not in agreement with the foregoing investigators, Bernstein (85) observed 
that miners exposed to temperatures of 97°F. in the Witwatersrand gold mines 
excreted in the sweat 0.5 to 1.1 mgm. of ascorbic acid per 100 cc. or about 2 mgm. 
per hour. This is offered as a possible explanation for the relative frequency of 
scurvy among those miners. Hardt and Still (86) observed that important 
quantities of thiamine are lost from the body in human perspiration. The loss 
of ascorbic acid was much lower. 


HISTOLOGICAL ASPECTS OF SKIN PERMEABILITY. J. H. DRAIZE 


_ The epidermis of the skin with its imperfections in the continuity of its upper 
cell layers (1) and its many “‘pores”, (hair follicles and mouths of the ducts of the 
sudoriferous and sebaceous glands) presents a sieve-like surface. It is capable of 
engulfing considerable material which in a physiological sense has neither pene- 
trated nor been absorbed. Material which has been pressed into the skin “‘holes”’ 
and “pores”, may appear in the corium if sufficient inunction pressure is applied 
and if the material is in a sufficiently fine state of division. Thus, Milbradt (2) 
states that carbon particles of small size may, with sufficient massage, be rubbed 
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into the corium, indicating that the epidermis is not an impervious membrane to 
such inert materials as carbon particles. 

This section of the review will limit itself to a consideration of mammalian skin. 
In many of the lower forms of life the skin is the main organ of alimentation, 
respiration and excretion. It is also the. main sense organ. Except when at 
physiological rest, such skin is freely permeable to water and electrolytes (6). 
As the organism develops phylogenetically, the skin loses in some degree some of 
these functions; and in mammalia other organs have assumed the main part of 
the functions of alimentation, respiration and excretion. 

It is a characteristic property of warm-blooded animals that the horny layer 
of the skin desquamates constantly and uninterruptedly (1). This sloughing pro- 
cess does not involve an entire layer as in reptiles and amphibia but is a. gradual 
process in which a few cells are shed at a time. This gradual desquamation of 
the outer cells of the horny layer accentuates a primary function of mammalian 
skin, namely, the prevention of the inward movement of materials which happen 
to contact the surface of the skin. The process of cornification in the epidermis 
and the epithelial lining of the upper portions of the hair follicles and of the coiled 
ducts of the sudoriferous glands is further evidence that the skin is constructed to 
serve as a barrier to the inward transfer of materials. The vital processes of 
mammalian skin, whether these be secretion, excretion, or self-regeneration, all 
illustrate one principle, a process intended to exclude, to slough and to expel 
materials rather than to abet their absorption or penetration. 

The skin in the human is the largest organ. It comprises approximately 16 
per cent of the total body weight. No other organ is equally exposed to as many 
external influences. It serves as the organism’s armor in protecting the deeper tis- 
suesagainst trauma and desiccation. Histologically the skin isa typically stratified 
organ, sections of which, by ordinary staining technique, appear to be sharply 
defined into three layers, the epidermis, the corium (cutis or true skin), 
and the subcutis. Although the cutis and subcutis appear to be dissimilar, 
they are one anatomical entity. Embryologically, the skin is derived from two 
germ layers, the ectoderm and mesoderm. The outer stratified portion, the 
epidermis, is ectodermal in origin. This view, however, has not been universally 
accepted. Frieboes (3) attempted to show that the epidermis is derived from 
the mesoderm, the cells of the epidermal layers originating from a transformation 
and emigration of the endothelial cells of the vascular system of the corium. 
Pincus (4) has reviewed critically the evidence to establish the embryological 
origin of epidermal cells. He concludes that the preponderance of this evidence 
indicates that the epidermal cells have an origin of their own and are independent 
of a genetic relationship with the corium. 

A detailed discussion of the histology of the normal skin is not within the scope 
of this review and only those structures which by character or architecture affect 
skin permeability will be discussed. For more detailed considerations of the 
histology of skin structures, reference should be made to Pincus (1) and 
Hoepke (5). 

The surface of the skin is covered by a greasy layer consisting mainly of waxes 
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and free and esterified cholesterol (6). This layer extends inward, so that it also 
fills the interstices between the cornified cells. The water-shedding capacity of 
the skin, at least for short contact, may be explained on this basis (7). Starken- 
stein’s concept (8), however, that the water-impenetrability of the skin is due 
to this greasy layer, specifically the cholesterol, must be modified (9). 
Cholesterol itself, but not its esters, is hydrophilic. Stahl (10) has analyzed skin 
surface fat for cholesterol and finds 14 per cent free and 2 per cent bound, or a 
ratio of 7 to 1 in the outer surface layer, while in the stratum corneum he finds 
10.7 per cent free and 8.9 per cent bound, or a ratio of 1.2 to 1. Thus the outer 
surface layer of fat appears to have the highest hydrophilic capacity. In addi- 
tion to the hydrophilic property of cholesterol, the keratin in the cornified cells 
tends to take up water and swell. It appears, therefore, that the greasy surface 
layers and the stratum corneum might, according to Leslie-Roberts (11), be con- 
sidered a potential reservoir for holding water soluble substances in intimate con- 
tact with the skin. From this favorable depot, it is conceivable that penetration 
or absorption (in the sense of physiological activity of living cells) may be en- 
hanced. 

Since the skin is perforated by gland ducts and hair follicles, the transfer of 
substances through the skin via these avenues must also be considered. The 
mouths and lumina of these structures are usually occluded by sebum and cell 
detritus, and even air, which would form for aqueous solutions at least a type of 
“gas lock”. Mechanically forcing materials into the appendages has long been 
considered the circumstance most favorable to absorption or penetration. This 
is because the lower portions of the lumina and secreting cell portions of the ap- 
pendages are not lined with dead cornified cells, but with active, living cells. It 
would appear, therefore, that once a substance has penetrated the thin layer of 
active secreting cells and into a viable portion of the skin it can be truly said that 
it has passed the barrier of the skin. 

The epidermis, resting on the basement membrane and corium, consists of ran 
layers of stratified squamous epithelium. Beginning with the innermost, and 
going outwards, the layers are: Stratum cylindricum, stratum spinosum, stratum 
granulosum, stratum lucidum and stratum corneum. The latter is further dif- 
ferentiated into a flattened-cell layer and a scaly layer. The epidermis has no 
blood supply but depends on the corium for nourishment and fluid exchange. 
Hence the viability of the cells in the various layers as determined by their ap- 
pearance in microscopic sections is directly proportional to the proximity of these 
cells to the corium. Pincus (1) considers the upper portion of the stratum spino- 
sum as the level at which cells begin to show deterioration and lessened viability. 
Cells of the progressive layers above this zone become less viable. There are no 
stainable nuclei in the cells of the stratum lucidum and stratum corneum. The 
acidity of the stratum corneum (1, 12) cells is not due to metabolic activity but 
results from changes due to the death of the cells of these layers. 

The cells of the innermost or cylindrical layer next to the corium exhibit no 
abnormality, such as partial flattening and desiccation, as first noted in the upper 
portions of the prickle cell layer (stratum spinosum). ‘The cells of this latter 
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layer, in contrast to those of the cylindrical layer, are polyhedral in shape and are 
further characterized by the presence of numerous cytoplasmic processes (inter- 
cellular bridges) or spines which penetrate adjacent cells. Characteristic of these 
epithelial cells are “‘tonofibrils” consisting of wavy fibrils passing from one cell 
body to another through the intercellular “‘bridges”. Assuming the basal cell 
to be in the shape of a cube, one surface of which rests on the basement 
membrane, Pincus (1) has calculated that the number of ‘“‘bridges” connecting 
the five remaining surfaces of each basal cell with contiguous cells is 1092. This 
interlacing of bridges or spines accounts for a compact layer which is in sharp 
contrast to the loosely packed cells of the stratum corneum. The thickness of 
the prickle cell layer varies. It is thinner over the apices of the dermal papillae, 
and in those portions of the body where the epidermis is relatively thin there is a 
sharp change from the prickle cell layer to the flattened, desiccated cells of the 
horny layer. In the areas of thicker skin (e.g., palms and soles) there are two 
well-defined layers external to the stratum spinosum, namely, the stratum granu- 
losum and stratum lucidum. The cells of the granular layer are rhomboidal in 
character and appear to be modified prickle cells. As stated above, it is in this 
layer and in the upper portions of the stratum spinosum that modifications of the 
normal cells appear. The intercellular spaces become narrow and the inter- 
cellular bridges become short and indistinct. Irregularly shaped granules of 
keratohyalin are first noted in this layer (1). The origin of these granules has 
not been established, but as they increase in number and size, the cells exhibit 
progressive deterioration, the nuclei become pale and disintegrate. The kera- 
tohyalin represents the first step in the process of cornification in the epidermis. 
The view (13) has been advanced that cornification is perhaps simply a closer 
coherence of the tonofibrils due to shrivelling and desiccation of the other cell 
components. In accordance with this it is pointed out that objective data for 
the assumption of any other occurrence in keratin formation is wanting. The 

similarity of the normal keratosis to the pathological (parakeratosis) supports 
the view that the horny layer in these two conditions merely represents the end- 
point of a desiccation process in the cell protoplasm. 

The stratum lucidum is a thin layer of closely packed angular cells containing 
a highly refractive cytoplasm. The nucleus has disappeared from the majority 
of the cells and histologically the layer appears as a thin, clear wavy stripe. This 
layer contains eleidin, which is a fibrous protein and an intermediate of the kera- 
tohyalin of the granular layer and of the keratin in the horny layer. 

The stratum granulosum and stratum lucidum comprise the so-called transi- 
tional layer of the epidermis. It lies between an acidic stratum corneum and a 
slightly alkaline stratum spinosum. The pH of this layer (about 7.0) is close to 
the iso-electric point of the protein (6). Prolonged immersion in water at pH 7 
does not produce swelling of this layer. This is in contrast to the horny layer 
which swells readily under a variety of conditions. The impenetrability of the 
skin to many substances has been attributed to the inherent characteristics of 
the transitional layer of the epidermis (14). 


The most external epidermal layer is the stratum corneum (horny layer) con- 
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sisting of dead, cornified, flattened cells (1). The margins of these closely packed 
cells exhibit small irregular spines but the intercellular bridges are absent. 
The first stage in the formation of the cells of the horny layer occurs in the upper 
portions of the stratum spinosum. In this zone the cells begin the process of 
desiccation, a first step in the process of cornification which is furthered in the 
immediate overlying layers (stratum granulosum and stratum lucidum). The 
ultimate stratum corneum cell represents the final stage of desiccation and 
cornification (6). These cells contain only 10-30 per cent water, whereas the spin- 
osum cells from which they originate contain approximately 70 per cent water. 
The horny layer is hydrophilic and swells readily (15). The horny layer varies in 
thickness depending, to a degree, on the amount of friction or trauma experienced 
in the given area. It is much thicker in the palms and soles due to much friction 
and pressure in these areas. In the fetus, however, the thickness of the stratum 
corneum in these areas is also greater than in the other parts of the body, and it 
would appear that friction and pressure are only partially accountable for the 
increased thickness. The thickness of the horny layer of the epidermis is of in- 
significant importance in percutaneous absorption. In certain pathological skin 
conditions such as in ichthyosis, where there is a thickening of the horny layer, 
absorption is not retarded (6). The normal horny layer has been overemphasized 
as a barrier to absorption and histologically has been characterized as a virtual 
honeycomb of loosely packed cells (1). 

In summary, the epidermis as an integral part of the skin represents a 
toughened covering membrane which is stratified and so oriented that as the cells 
of the various strata become farther removed from their food supply (true 
skin or derma) the structure becomes less viable and more cornified. The cells 
of the most external layer become inert, flattened and hardened elements com- 
parable to shingles on a roof. The epidermis is not a perfect “roof” since its 
upper layers contain many imperfections or “breaks”’ in its architecture. Al- 
though these imperfections are present, the effectiveness of the intact skin as a 
barrier to the absorption of a large variety of compounds has been amply demon- 
strated (16, 17). 

The most characteristic and distinctive components of the upper strata of the 
epidermis are the keratins (18, 19, 20), the structure of which has been discussed 
in another section of this review. According to analyses of Unna (cited in Pin- 
cus (1)), the keratins of the horny layers consist of Keratin A (alkali-insoluble) 
13 per cent, Keratin B (alkali-soluble) 10 per cent, with albumoses making up the 
remainder of the protein portion of the layer. It is characteristic of the keratins 
that they undergo ready swelling in water. The imbibition of water with its 
dissolved substances must play a significant réle in their permeability of the skin. 
Thus Leslie-Roberts (11) has attempted to explain the initial stages of the mech- 
anism of salicylic acid transfer through the skin by assuming that the acid is first 
absorbed by the keratins to form a super-saturated solution in the horny layer. 

-Electrophysical and electrochemical properties of the epidermis. Skin polariza- 
tion and electro-endosmosis have been studied by Rein (21, 22). Epidermal 
polarization may be readily demonstrated by passage of an electric current 
through the intact skin, and is obtained only if the epidermis remains unbroken. 
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It may even be demonstrated on a section of isolated intact epidermis. Diehl 
(23) has used the polarization capacity of the human skin as a measure of its 
permeability. The skin, however, is not a simple membrane. Its various layers 
differ in histological structure and chemical composition. Abramson (24) has 
also pointed out that the skin with its many pores should not be regarded as a 
simple membrane. He concludes that the classical equations for ion and water 
transport across membranes probably never apply to the human skin. Since 
the stratum corneum is acidic in character and the two lower layers of the rete 
malpighii are alkaline, the site where neutrality is reached and which accounts for 
the electrical behavior of the skin are the transitional layers (stratum granulosum 
and stratum lucidum). These layers may be regarded as the seat of the polariza- 
tion current, or the layers which actually account for impermeability of the skin 
to electrolytes. Rein believes the stratum lucidum, particularly, accounts for 
the electrical behavior of the epidermis. Similar conclusions were made by 
Zeiger (25), who determined the iso-electric range for each layer of the epidermis. 
He found that each layer became more acid the farther it was removed from its 
blood supply. Neutrality is reached at or near the level of the stratum lucidum. 
The transitional layer carried the least charge and has a pH approaching seven 
and is affected least by foreign agents. Pincus (1) regards the stratum lucidum 
as the layer of the epidermis exhibiting the greatest morphological change with 
reference to either its preceding or succeeding layers. By virtue of its stability 
it is assumed to be the most impenetrable of the various layers of the epidermis. 

The derma. The epidermis rests upon a thin basement membrane which is 
penetrated by the spines (tonofibrils) of the cells of the stratum germinativum. 
With the advent of better staining techniques, it has been possible to establish 
(1) that the fibrils or rootlets of the cylindrical layer cells do not penetrate into 
the corium proper, but are firmly embedded in the basement membrane. The 
very top layer of papillae of the corium is a latticework of fibrillae comprising the 
basement membrane. ‘The derma or corium is the matrix upon which the epi- 
dermis and the basement membrane rest. It consists of a papillary and a 
reticular layer which can not be sharply differentiated. The papillary layer con- 
tains many cone-like elevations or papillae. Thestructure of this layer consists 
of a fine meshed network of white fibrous and elastic connective tissue. In this 
network of connective tissue are located capillaries and filaments of nerve fibers, 
—the tactile end organs. 

The reticular layer comprising the deeper portions of the corium contains 
bundles of collagenous connective tissue which are coarser and more loosely 
meshed than those of the papillary layer. At the level of the reticular layer are 
found the larger blood vessels, smaller nerve trunks, sebaceous glands; the more 
superficial sudoriferous glands and smaller hair follicles. 

The corium is a highly vascular tissue. The papillary layer contains the 
largest number of the skin capillaries. Materials which have penetrated the epi- 
dermis and have reached the corium have passed all barriers to absorption except 
the thin capillary wall. Rothman (6) concludes that materials which have 
reached the corium may be considered as equivalent to having been absorbed. 

Subcutis (tela subcutanea). The subcutaneous tissue consists of bands of 
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areolar connective tissue connecting the deeper layer of the derma with fascia or 
periosteum. This network of connective tissue fibers is filled with lobules of 
adipose tissue. The subcutis contains the largest blood vessels and nerve trunks 
and the deepest sudoriferous glands, and the coarser hair follicles. 

The subcutaneous layer, not unlike the corium, is richly supplied with blood 
vessels, except that the papillary layer of the latter contains many more capillaries. 
Substances which have penetrated to the level of the subcutis are also in favor- 
able position for absorption. 

Cutaneous appendages. The cutaneous appendages are the sudoriferous and 
sebaceous glands, the hair and the nails. The sudoriferous glands and their secre- 
tions are discussed in another section of this review. While the histology of the 
hair and hair root, papilla and shaft may be important to skin permeability, it is 
not generally so considered. On the other hand, the rdéle of the hair follicle is 
very important, and may not be omitted from a discussion of permeability. 
The hair follicle is an invagination of the skin. The walls of the follicle are com- 
posed of epidermis and derma. One or more sebaceous glands are connected with 
each hair follicle. The epidermis extends inside the hair follicle as far as the 
opening of the sebaceous gland and consists of the usual spinosum, granulosum 
and corneum layers. Below the opening of the sebaceous gland the hair follicle 
is lined with the granular and malpighian layers and finally is lined only by the 
latter. ‘Toward the base of the follicle at the level of the blending of the internal 
and external root sheaths, the epithelium is a mass of undifferentiated epithelial 
cells. The hair shaft does not completely fill the hair follicle, but room is left 
for the upward movement of the sebum which is discharged directly in the follicle. 

Sebaceous glands. The sebaceous glands are branched saccular glands whose 
ducts open either (a) directly into the hair follicles or (b) onto the free surface of 
the epidermis. The number of glands whose ducts empty into the hair follicles 
are the most numerous. It was long held that the fatty secretions or sebum of 
the gland was a disintegration of the protoplasm of the glandular epithelium. 
Sebum was thought to be the product of fatty degeneration (Virchow’s Fettmeta- 
morphose) and as such represented a non-vital process (1). Melezer and St. 
Deme (26), using a staining technique to study the activity of the gland, conclude 
that sebum is the product of true glandular activity. By their technique they 
were able to distinguish three different layers, an outer layer which contains 
mainly unsaturated fatty acids, a middle layer containing higher alcohols, pre- 
sumed to be formed by the reduction of fatty acids, and an inner layer of neutral 
fats in the alveolus of the sebaceous gland. The individual chemical compounds 
were not given. 

The blood supply of the skin. The epidermis is not supplied with blood ves- 
sels. This is a factor of importance in the absorption of materials applied 
topically to intact skin. It is not the purpose of this review to describe in detail 
the blood supply of the skin. The reader is referred to Landis (27) and Diasio 
(28) for the more detailed accounts. 

The blood vessels of the deeper skin (corium and subcutis) are present in the 
form of trunks, branches, capillaries, plexuses and anastomoses. In given com- 
parable areas the size and number of vessels may exhibit striking variations. 
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The arteries are much smaller in proportion to the veins than ordinarily. The 
main vessel trunks ascend through the subcutis and send branches in all direc- 
tions. Branches of vessels are also supplied to the fat lobules of the subcutis. 
The large horizontal plexus of vessels at the junction of the deep corium and sub- 
cutis sends branches to the sudoriferous glands, hair papillae, vessel walls and 
the nerves. At the level of the mid-cutis the medium size vessels send branches 
to the sebaceous glands, muscles, vessel walls, nerves and ducts. In the upper 
cutis there is a horizontal plexus of small vessels from which extend branches to 
the papillary bodies, muscles and ducts. In the skin, capillaries are found almost 
exclusively in the upper cutis. Since the epidermis is not furnished with a blood 
supply, the relatively rich capillary bed in the upper corium appears to be partial 
compensation to insure the best possible fluid and metabolic exchange. Equally 
important from our standpoint, however, is the presence of a rich vascular bed 
to receive materials passing the epidermal barrier and which are in position for 
systemic absorption. The sudoriferous and sebaceous glands, the hair papillae 
and the lobules of adipose tissue receive their blood supply through a capillary 
network derived from recurrent branches of various vascular plexuses. 

Each papilla is normally provided with a central loop, the arterial branch of 
which is generally narrow, while the tip of the loop and the venous branch are 
often much wider. The length of the loop varies and the number of capillaries 
in the papilla is small compared with those in muscle. The average number of 
capillaries in the skin of the hands, face, forearm and circumoral skin is 16 to 65 
per square millimeter (29). This is a relatively small number compared to mus- 
cle where it is estimated that the number of capillaries varies from 1,000 to 2,700 
per square millimeter (30). The papillary capillaries supply the germinative 
layer of the epidermis with substances necessary for its continuous growth. 

The arterial capillaries end in multiple anatomoses with the venous capillaries. 
The latter combine to form venules which return to a subpapillary plexus of small 
veins situated just below the papilla. From this plexus of veins small trunks 
descend beside the arteries and empty into another plexus in the deep cutis. 
This latter plexus also receives veins emanating from the sudoriferous glands and 
from the fat lobules. Veins of the deep cutis finally drain into the subcutis plexus 
which terminate in the large subcutaneous veins. 

The skin is richly supplied with lymphatic vessels. The presence of lymph 
canals in the epidermis has been demonstrated by Melezer (31) by the use of urea 
solution and subsequent precipitation and fixation by mercury salts. Dense 
flat meshworks of lymphatic capillaries originate in the papillary layer of the 
corium either as networks or as blind outgrowths. The lymphatic capillary 
networks are deeper than the blood vessels. The more superficial networks of 
lymphatic vessels send branches to other plexuses at the boundary of the derma 
and subcutis. From these deeper networks originate large lymphatic vessels 
which follow the blood vessels. Lymphatic vessels are not supplied to the cu- 
taneous appendages (hair and glands of the skin). This is significant when it is 
considered that many substances are absorbed principally through the skin 
appendages. 

The innervation of the skin. Woolard et al. (82) and a recent review of 
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cutaneous sensation by Walskie (33) treat the subject of skin innervation and sen- 

sation in detail. The skin is richly supplied with large nerve trunks, both 

sympathetic and cerebrospinal. Nerve branches supply directly the larger blood 
vessels, hair follicles, the sebaceous and sudoriferous glands, and the tactile cor- 

puscles. | : 

_ The reticular layer of the corium contains plexuses of nerve fibers, while more 
closely meshed plexuses of finer nerve bundles innervate the papillary layer. 
Smaller fibrils are distributed to the smaller blood vessels and to the papillae 
where many end in tactile corpuscles. Certain fibrils penetrate into the epider- 
mis, terminating as naked fibrils or on tactile cells. 

- Small branches form a network of fibrils in the root sheath of the hair follicles. 
Pilomotor nerves are also distributed to the arrectores pilorum muscles. In the 
sudoriferous glands fine plexuses send axis cylinders through the basement mem- 
brane, terminating in the secreting cells. 

_ The corium and subcutis are richly supplied with blood vessels and nerves. 
Substances which have penetrated to this level may, by virtue of their irritant 
effect on nerve and tissue, cause significant local vasomotor disturbances. These 
may be either a vasoconstriction or a vasodilatation, and in either case such a 
change in the condition of the vascular bed affects both the degree and rate of 
fluid exchange at the site. Calvery et al. (16) have shown that many substances 
topically applied elicit an inflammatory reaction in cutaneous structures. Such 
reactions cause changes in blood vessel permeability resulting in edema formation. 
The edematous tissues are no longer capable of maintaining normal fluid ex- 
change, and absorption in such cases becomes retarded. On the other hand, 
substances which do not affect vessel permeability but produce vasodilatation 
produce local conditions in tissues favorable to increased absorption. 


PERMEABILITY. E. P. LAUG 


At the outset, it should be remarked that the term ‘‘permeability” probably is 
not entirely satisfactory, because it may connote to some a process of purely 
physical transfer. Thus, the membrane in this case, the skin, could be considered 
acting as a passive filter; its livingness being of importance to permeability only 
in the maintenance of electric properties, interstitial spaces, condition of the cell 
wall, etc., but that no secretory activity of cells would be involved, whereby a 
substance would be taken up, concentrated and pushed inward. For this latter 
property of active work on the part of the skin cells in transferring substances 
inward, the literature offers little or no clearcut evidence. It is true that Stejskal 
(34) has taken the position that if certain cells of the skin show active secretory 
properties in transferring substances from the inside to the outside, sweat, sebum, 
etc., why should not these same or similarly constituted cells be able to secrete 
inward? The point is hardly well taken. 

The term absorption, which certainly conveys the sense of cellular activity, is 
frequently (inadvertently ?) used. Here it may be assumed that the investiga- 
tor has in mind a purely physical process of imbibition, whereby, for example, 
water may be taken up by a piece of filter paper, dried gelatin or keratin. The 
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term penetration is also used but in contrast to absorption and permeability, 
both of which put the emphasis on the membrane; penetration can be thought of 
as emphasizing the substance and those of its intrinsic properties, which make it 
able to enter into or overcome a barrier. It may make little difference whether 
the more or less resistant membrane or barrier is a living or dead membrane. 

The literature on the subject of skin permeability has singularly failed. in 
making clear-cut distinctions between terms; perhaps this is in part traceable to 
the fact that many investigators have been more concerned with what substances 
went through the skin rather than why or how they went through the skin. 

Generally speaking, the freedom with which liquids and gases may pass across 
the-skin both inward and outward is a property which increases as we descend 
the phylogenetic series. In the case of the frog and other amphibious or aquatic 
forms, this property is quite marked and has been the subject of extensive studies 
which would form the basis for a review in itself. In man and the higher forms 
it appears that this property of two-way passage has become restricted, so that 
while retaining its excretory functions, the skin may have lost not only most of its 
passive (permeability) but also its active (absorptivity) capacity of transfer of 
substances inward. 

Historical, For a resumé of the historical literature on the subject of skin 
permeability, reference should be made to Rothman (6). Broadly sketched, the 
subject may be divided into three periods. (a) The period antedating 1877 and 
covering over a hundred years, during which much of the evidence was accepted 
as indicating that a large number of substances, chiefly gases and volatile sub- 
stances, penetrated the skin freely. (b) The period extending from 1877 until 
about 1900, during which Fleischer’s (35) school of thought held sway. Fleischer 
and his collaborators concluded from their own experiments, and a critical ap- 
praisal of the older observations, that the skin of man and the higher animals 
was absolutely impermeable to all substances. (c) The period from 1900 to the 
present: The first years saw the decline of the absolute impermeability idea, 
chiefly under the impetus of Schwenkenbecher’s work (36). By the use of more 
refined analytical techniques, it is now possible to determine that many sub- 
stances are more or less able to pass through the skin. The consensus, however, 
is cautious, and does not recognize the more extreme position of Stejskal (34), who 
claims from an uncritical appraisal of the literature that practically all substances 
are able to pass through the skin. Generally speaking, it appears as though the 
dermatologists were still trying to disprove the idea of skin impenetrability, 
and there continue to be literally hundreds of instances reported of percutaneous 
passage. 

Factors concerned with skin permeability. According to Perutz (7) there are 
three fundamental factors: (a) The substance which penetrates, permeates or is 
absorbed. (b) The vehicle which affects transfer of the substance. (c) The 
skin itself. Since the last is the subject of a separate section of this review, 
it will not be considered in detail here. It is the purpose of this review to 
discuss the various groups of substances that have been shown to penetrate*or 
not to penetrate ‘the skin, and to evaluate where possible the function fof 
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the vehicle. The problem might be relatively simple were it not for the fact that 
interactions between the skin, the vehicle and the substance may and frequently 
do occur. Failure to recognize this is responsible in part for an extremely large 
background of confused and contradictory literature in which the penetration of 
salicylates and iodine stand as notable examples. 

Methods. The most commonly used method to determine whether a substance 
has passed through the skin is its chemical detection in the urine. Other, but 
less extensive analyses, have been made of tissue and fluids of the body, and in 
the case of volatile substances, expired air. Obviously, the chemical method 
must be sufficiently delicate to detect very small quantities of a substance gaining 
access to the body via the skin. Due to the slowness with which some substances 
may pass through the skin, or be released from possible subcutaneous, or other 
depots, the final dilution in a 24-hour sample of urine may be so great as to escape 
chemical detection. This fact has not been sufficiently emphasized by some in- 
vestigators when reporting negative results. Recently (37) a successful attempt 
was made to measure skin permeability to mercurial ointments by utilizing the 
capacity of the kidney to store the mercury which had entered the blood per- 
cutaneously. Under the conditions of the test, the kidney contained on a per 
gram basis from 50 to. 100 times as much mercury as the rest of the body—or 
even the urine. One of the limitations of the chemical method lies in the inter- 
pretation of results obtained on studies of skin permeability of common body 
constituents, such as glucose, sodium chloride, carbon dioxide, ete. If the “‘back- 
ground” is too large or too variable, it becomes impossible to interpret the results. 
It is for this reason that the knowledge of skin permeability has lagged with 
respect to the common constituents but has made considerable progress with 
respect to substances foreign to the body. 

In addition to the chemical method, local and systemic pharmacological and 
toxicological signs and symptoms have been relied upon to demonstrate the pas- 
sage of an active penetrant through the skin. Even where the delicacy of the 
biological reaction is on a par with the chemical, rejection of negative results may 
be made on some of the same grounds as stated above. In many cases, of course, 
the systemic response requires a certain minimum amount of material to be 
present at one time, a situation which may not be fulfilled, due either to the slow- 
ness with which the substance passes through the skin, or the rapidity with which 
it is destroyed within the organism. 

It should be quite obvious that, in the conduct of skin permeability studies, 
meticulous care must be taken to insure that the avenue of entrance into the 
organism is the skin, and the skin only. Many conflicting data have arisen 
through failure to observe such a simple requirement. 

Generally speaking, knowledge of skin permeability to a variety of substances 


2 The famous controversy over the clinical use of mercury inunction: Some asserted 
that the efficaciousness came from inhalation of mercury volatilized from the skin; others, 
from passage of mercury through the skin. Under the proper conditions the latter avenue 
is the more important. Oral contamination is sometimes not too easy to circumvent, 
particularly in animals. 
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has been widely extended by application of the principles just described. Un- 
fortunately, by their very nature the methods have contributed little directly 
to our understanding of the mechanism involved. 

In comparison with other methods, the histological and histochemical have 
probably yielded the most information on the manner in which penetration of 
the skin occurs. At best, these methods have only been able to locate the pene- 
trating material within the epidermal skin structures, and the probable avenues 
of approach to the basal layers which are considered the ultimate barriers. With 
some exceptions (38, 39), which will be discussed later, no clear-cut demonstration 
of how a substance passes the basement layer of living cells (rete malpighii) has 
ever been made. The substances most frequently studied by this method have 
been fats and oils. Fat soluble dyes have been added in order to follow the 
course of the penetration, the assumption being made that the dye and its vehicle 
move together. This is probably not entirely justified for the skin contains its 
own fats for which the dyes might have greater affinity. In other techniques, 
fats are inuncted without dyes and the skin stained after sectioning. By com- 
parison with control sections, the distribution of the inuncted fat is followed. 
Here, too, extreme caution in the interpretation of the results must be observed, 
particularly since little is known concerning the effect of various mechanical and 
chemical manipulation on the distribution of the natural fats of the skin. By 
contrast with the fat distribution studies, it would appear that the histochemical 
tracing of substances foreign to the skin, such as sulfur (40) or heavy metals such 
as lead (41) and mercury (42, 43), within the epidermal structures might be more 
trustworthy. 

Where the chemical method for determining substances within the organism 
after passage through the skin has been limited, the method of “analysis by dif- 
ference” has proved useful. Essentially it consists in applying a carefully meas- 
ured amount or concentration of the substance:to the skin, and after a suitable 
time, determining how much still remains. As used by Hediger (44) and per- 
fected by Burgi (45), much valuable information has been obtained. In practice, 
a bell-shaped glass vessel is cemented to the skin, and filled with the substance to 
be studied. If the substance is a gas, pressure or volume changes may be re- 
corded; if the substance is in solution, samples may be removed at intervals and 
changes in concentration determined. Wild has applied the principle to study- 
ing the penetration of grease bases (46) and mercury ointments (47). He rubbed 
weighed amounts of the preparations into the skin of the forearm, and at intervals 
removed the excess material to weigh and analyze. The results on repeated trials 
were remarkably consistent. 

The chief use of the “analysis by difference’? method has been in the study 
of constituents common to the body, such as NaCl, KCl, CaCh, CO2, Oc, ete. 
If the ‘‘remainder analyses” are very small, however, the results may well be 
regarded with suspicion since the weakness of the method consists in assuming 
that when a substance disappears from the skin surface, it has passed through 
the skin and entered the organism. It is not impossible that considerable 
amounts of material alleged to have “‘penetrated”’ may be lodged in the skin ap- 
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pendages. Here it may be judged just as much “outside” the body as any un- 
absorbed materials within the intestine. On the other hand, if the “remainder 
analyses” are large, as, for example, in the case of CO. and Os, there cannot be 
much doubt that the skin has been completely permeated. 

Lipoid solubility. Probably the most important factor governing permeability 
of the skin is lipoid solubility. The subject has been discussed at length by a 
number of authors (8, 48, 49, 36). The presence of lipoid material, either sur- 
rounding the individual cell, or lodged as amorphous material between cells, or 
within the openings of the appendages of the skin determines to a certain extent 
what shall pass (10). Since the milieu consists of water also, complete insolu- 
bility of a substance either in water or in lipoid would be a property which could 
hinder or prevent penetration (6, 50, 51). Thus the distribution coefficient 
Lipoid Solubility/Water Solubility of a substance is probably an extremely 
important factor. In the case of an electrolyte we have water solubility and 
lipoid insolubility. In the case of a fat we may have the reverse. In either case 
- the evidence for passage through the skin is poor. Theoretically, therefore, we 
may expect that a large class of organic solvents, such as alcohol, aldehydes or 
ketones, or those having groupings that confer both water and lipoid solubility, 
should penetrate the skin with ease. 

Generally speaking, as the tendency for ionization of a compound decreases, 
its lipoid solubility increases but, of course, there are important exceptions, such 
as the sugars and the amino acids. These substances are lipoid insoluble (50), 
and there is not much evidence that they can pass through the skin. Among the 
inorganic substances we find that the heavy metals are definitely lipoid soluble 
and form poorly ionizing compounds. ‘There is also evidence that they can pass 
through the skin; a good example is mercury which will be discussed later. 

An example where change in ionizing and lipoid soluble properties modifies 
the ease of penetration through the skin is salicylate. As the free acid, this sub- 
stance is lipoid soluble, slightly ionized and penetrates the skin with ease; asthe 
sodium salt, it loses its lipoid solubility, ionizes freely, but for all practical pur- 
poses no longer penetrates the skin. For a review of the older literature, refer- 
ence should be made to Rothman (6). A similar example is boric acid and its 
sodium salt (Kahlenberg, 52). 

Vehicle. Two general types may be recognized; (a) Ointments or salves, 
consisting of various kinds of fats, fatty acids, waxes and lipoid substances such 
as cholesterol and lecithin; (b) organic solvents, such as alcohol, chloroform, ete. 
Generally speaking it may be said that the vehicles exert a marked effect on the 
penetration of substances through the skin, although some investigators feel that 
the nature of the penetrating substance rather than the vehicle may be the deter- 
mining factor. Bliss (53) epitomizing the latter viewpoint writes: ‘“The proper- 
ties and powers of the diug itself rather than the ointment vehicle are the major 
determining factors in absorption from the skin.” This statement, however, is 
based on tests with a restricted number of substances only. Macht (54), after 
studying a number of alkaloids, concluded that ointment vehicles did little to 
improve but may even hinder their penetration. He also found that iodine was 
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absorbed better from a tincture than from an ointment. Amrhein (55), in report- 
ing cutaneous penetration of vitamin D, noted that the ointment vehicle had little 
or no influence on penetration. 

Against the foregoing statements there is a wealth of evidence which supports 
the contention that the vehicle definitely influences penetration. Thus for sali- 
cylic acid, which has been so extensively studied, differences between wool fat, 
vaseline, lard, ete., were shown by earlier investigators (51, 56), and more recently 
by Matschak (48), Leslie-Roberts (11) and Moncorps (57), the last investigator 
finding as high as 40 fold differences in penetration between certain types of oint- 
ment bases. Effects on the penetration of sulfur (40), mercury (43, 61) and KI 
have been noted. In the case of the last, which penetrates very poorly or not at 
all from aqueous solution, Canals and Gidon (62) were able to show measurable 
penetration when this compound was incorporated in vaseline or fat. For addi- 
tional earlier literature on the effect of ointments on KI penetration, Rothman 
(6) should be consulted. 

There is no good evidence that the ointment base acts as a vehicle to carry the 
substances through the skin (63). This is indicated by the poor penetration of 
the fatty constituents themselves. (See section on fats.) Recently, Czetsch- 
Lindenwald (64) reinvestigated certain ointment bases for penetration through 
the skin. His results were completely negative for cholesterol, vaseline and 
saponifiable components of the ointments. After application of a salve made of 
hydrated oil containing 33.6 mgm. per cent of deuterium, no deuterium oxide 
could be demonstrated in the products of combustion of the body fats. 

The manner in which the ointment vehicles help to increase penetration is 
largely mechanical (6). Being of greasy consistency they can easily be spread 
over the surface of the skin and are able to bring the penetrating substance into 
more immediate contact with the:skin. As a matter of fact, ointment bases 
which are not supple, but stiff and sticky or which tend to dry out and flake 
off, usually support but little penetration (61). According to Strakosch (65) 
there is no good evidence that penetration directly through the stratum corneum 
is enhanced by the ointment; rather the ointment tends to be forced into the 
appendages, specifically the hair follicles and the pilosebaceous glands, from where 
penetration or absorption can then occur. Air which is trapped within these 
appendages, and which might serve as an effective barrier to the penetration of 
aqueous solutions (51, 66), can also be displaced, particularly when the inunction 
is accompanied by a certain amount of pressure. Ointments applied to the skin 
may also interfere with the normal excretion of water as perspiration and insen- 
sible water transfer. It has been shown that the application of a film of vaseline 
reduces the insensible perspiration of skin by 40 per cent (67). Water which con- 
tinues to be given off beneath this greasy covering, since it cannot escape, is im- 
bibed by the cornified epithelial cells (68) which tend to swell and become “‘water 
logged”. In this condition it is possible for a local concentration of a water 
soluble penetrating substance to occur in the outer cornified layers (11). Physical 
and chemical interaction between the ointment vehicle and the incorporated 
substance may result in either hindrance or enhancement of penetration. Aside 
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from its ability to get the penetrating substance into more intimate contact with 
the skin, the vehicle must also be able to part with the substance and not ‘“‘hold”’ 
it; otherwise penetration may actually be obstructed. This is a situation which 
may account for some of the apparent differences between ointments, and has 
received consideration by a number of investigators (48, 68, 69) and (70). There 
is also evidence that chemical reactions between vehicle and incorporated sub- 
stances lead to modification of penetration, for example, ester formation of salicylic 
acid with cholesterol (11, 48), oxidation of iodine in KT by peroxides formed from 
the reaction of water with fats (71, 72), and reaction of mercury with fatty acids 
(43,60). 

Organic solvent vehicles enhance percutaneous penetration considerably, but 
it is somewhat difficult, in attempting to explain the mechanism, to separate the 
lipoid dissolving action from the vehicle action. According to the older litera- 
ture (73, 74) pretreatment of the skin with chloroform, ether or alcohol, enhanced 
the penetration of water soluble alkaloid salts. This would make it appear, ac- 
cording to Winternitz (73), that the wettability of the skin surface and the walls 
of the hair shafts and sebaceous glands had been increased by the removal of 
water repelling lipoid materials, a condition favorable for the penetration of 
water soluble substances. These same investigators also found excellent pene- 
tration when the substance was applied to the skin as a chloroform, ether or al- 
cohol solution. In the modern literature there is also good precedent for using 
lipoid solvent vehicles, as witnessed by the successful application of sex hormones 
in alcoholic solution (see section on sex hormones). Alcohol, ether and chloro- 
form (45, 74, 75, 36) are in themselves able to penetrate the skin. Consequently, 
it may be assumed that they can act as transporting vehicles for other substances, 
but since chloroform, ether and alcohol are also skin irritants (59, 75), there may 
be considerable doubt how ‘‘normal”’ skin is under such conditions. 

Electric current. The use of the electric current as a ‘‘vehicle’’ for the trans- 
port of substances through the skin has been amply considered in the older litera- 
ture which has been reviewed by Rothman (6), Leduc (88), and Frankenhauser 
(89). It is not proposed to discuss the clinical aspects of this subject except in- 
sofar as they may throw light on the mechanism. In general, it can be asserted 
that by the application of a direct current, it becomes possible to move a large 
number of substances which would otherwise penetrate poorly through the skin. 
There is still some confusion in the use of terms to designate the process; Roth- 
man (63) prefers electrophoresis since this is a general term which includes cata- 
phoresis, iontophoresis and electro-endosmosis. 

The method consists in placing gauze or cotton saturated with a solution of the 
substance on an area of the skin, covering this with the active electrode of zinc 
or aluminum and pressing down firmly. The circuit through the skin is then 
completed by attaching to some other skin area an ‘‘inactive” or neutral electrode 
moistened with water. A current density of about 1 milliampere per (cm.)? area 
is allowed to flow for a few minutes up to one-half hour. If larger areas of skin 
are to be exposed, the active electrode is made the fluid into which an area or 
segment of the body dips. 
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A noteworthy contribution to the understanding of the process of electric 
transfer of substances through*the skin has been made by Rein (22, 76, 77, 78, 
79, 80) who extended the earlier work of Ehrman (81) in using dyes to visualize 
the avenues of entrance. In agreement with this work, Rein (79) finds that the 
transport occurs almost exclusively through the hair shafts and sebaceous glands. 
Thus with methylene blue which gives positively charged dye ions in solution, a 
characteristic pore pattern was visualized in the skin beneath the anode. The 
mouths of the hair shafts and sebaceous glands were seen to be deeply colored. 
Histological examination revealed that the dye had penetrated into the fundi of 
these structures and thence out through their walls and into the surrounding rete 
malpighii, and thence into the corium. Recently Abramson and Engle (82) have 
produced pore patterns in human skin which show that electric transport seems 
to favor the sweat glands. As for the third possible avenue, namely, the epider- 
mis itself, the evidence for direct passage is poor. In those cases where there was 
a diffuse coloration of the epidermis which did not seem to originate from any 
channel structures such as the hair shafts or sebaceous glands, Rein (79) showed 
that there was evidence of skin cell injury characterized by vacuolization and loss 
of nuclear staining. 

The earlier literature indicated that the process of transfer was by iontophore- 
sis, i.8., the movement of ionized bagic and acidic elements. This is very clearly 
shown in the classical experiment of Leduc (83) in which strychnine sulfate was 
applied to two rabbits electrically connected by a salt bridge. Here the animal 
whose skin was in contact with an anode moistened with the alkaloid salt died 
within a few minutes, while the other animal in contact with the cathode similarly 
moistened showed no toxic symptoms. Similar toxic results could be obtained 
with KCN in the animal connected to the cathode lead (84). Rein (22, 76), 
however, showed that while iontophoresis was involved, by far the most impor- 
tant mechanism was endosmosis, i.e., the transfer of water together with the 
ions. According to Rein (80) the skin (specifically the stratum lucidum) is con- 
stituted as a negatively charged membrane. Water, therefore, moves inward 
across the barrier from an anode placed in contact with the skin. This is electro- 
endosmosis, and disturbance of local fluid balance is shown by the shrinkage of 
the skin beneath the anode. Positive ions, of course, also move in this field, and 
in the same direction (methylene blue+, atropine+), thus the over-all effect is 
an enhancement of penetration. However, when an attempt is made to move 
negative ions, such as eosin, into the skin from the cathode, the electro-osmotic 
stream is outward, and opposes the inward ion movement; hence, there is prac- 
tically no penetration (79). Superficial examination shows that in certain areas 
under the cathode there is a diffuse coloration, but closer histological inspection 
shows that this is due to injury to the cells (79). Certain spots appear as though 
a “break through of the stratum lucidum barrier had occurred’. Abramson and 
Gorin (66) claim to have transferred successfully negative dye ions into the skin 
from the cathode, but in view of the foregoing this may be regarded as due to 
injury (79, 85, 86). Salt solutions, polyvalent positive ions and acid tend to 
reduce the negative charge of the skin (80) and practically abolish the penetration 
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of methylene blue (79) or histamine (87); conversely, such treatment tends to 
increase the tendency for the transfer from the ¢athode of negatively charged 
ions. Electro-endosomotic transfer, according to Rein (78), is favored by any- 
thing which reduces the specific conductance of the solution such as addition of 
alcohol or sugar, or the reduction in concentration of ions. In addition to elec- 
tro-osmosis and iontophoresis as the chief mechanism for electric transfer of 
materials through the skin, Abramson and Gorin (90) have advanced evidence 
for what they believe to be a third, namely, diffusion over small distances under 
the influence of the electric current. In special cases where electro-osmosis and 
iontophoresis balance one another, this last mechanism is supposed to operate. 
These investigators cite histamine as an example. With this substance there is 
retardation of diffusion in the skin except under a potential gradient; following its 
introduction into the skin by electric means it may remain in situ for a week, 
unless moved by electric means. 

Functional modification of the skin. It can be said without reservation that a 
great deal of confusion and contradictory statements regarding skin permeability 
have arisen in the literature through failure to recognize or properly evaluate the 
effects of functional modifications of the skin. Some of these changes involve 
frank injury and are, of course, fairly easily recognized. It is generally agreed 
that agents causing inflammation, vesication, keratolysis or mechanical leSions, 
gross or microscopic, should not be included in any consideration of “normal 
permeability’. Some of the chemical agents in such a category are mustard oil, 
croton oil, phenol, polysulfides, alkalies, chloroform, turpentine, saponins and 
chrysarobin. On the other hand, it may also be said that there are few 
substances which when placed in contact with the skin do not alter its properties 
or functions. Even covering the skin (2) with various types of bandages, air and 
water tight coverings, or a layer of vaseline may alter the normal function of the 
skin in preventing water loss from the surface. While such a procedure may not 
cause injury, in the sense described above, it certainly does cause marked physical 
changes in the surface keratinous layers of the skin. These layers imbibe the 
water which is held by the covering, and tend to swell. In this condition a more 
favorable surface for penetration of some substances results (61). It becomes 
difficult to draw the line between altered function and injury, or between 
physiological stimulation and mild irritation. It is conceivable that milder 
forms of “injury’’, or what might be termed temporary modification of structure 
or function of the skin probably change its permeability (2) to a number of sub- 
stances. As examples, there may be cited (a) mild keratolysis, (b) hyperemia, 
(c) removal of skin constituents such as fats or cholesterol by precipitation or 
solution, (d) mild irritation or stimulation of epidermal cells. 

(a) Mild keratolysis. Unna (68) inclines to the view that the outermost kera- 
tinous layer of cells is a partial protection against the penetration of many sub- 
stances. He assumes that phenol, salicylic acid, caustics, etc. increase the per- 
meability of this layer by their keratolytic action. Under certain conditions 
where salicylic acid is applied to the skin, Moncorps (57) has been able to corre- 
late the passage of this acid through the skin with the degree of keratolysis of the 
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surface layers. Kionka (91) also assumes that the penetration of salicylic acid 
is associated with its keratolytic action. Milbradt (2) studied the keratolytic 
action of salicylic acid, pyrogallic acid, resorcinol and 8 naphthol on the penetra- 
tion of dyes. Following their reaction with the skin a marked increase in the 
penetration of all dyes was noted, in particular trypan blue. Penetration was 
observed to be most active around the hair shafts and extended outward there- 
from into the middle layers of the corium. Rothman (92) denies that mild kera- 
tolysis can increase skin permeability, on the grounds that reduction in the thick- 
ness of the dead cornified layer can have no effect on the over-all permeability of 
the living cells beneath. Nevertheless, it is difficult to conceive that keratolytic 
action should be limited sharply to the surface layers of cornified cells. It would 
seem that the question should remain undecided until more histological studies 
can be brought to bear on this point. 

(b) Hyperemia. It has been assumed generally that simple hyperemia en- 
hances the penetration or absorption of substances through the skin (93, 51). 
Specifically Kramer and Sarre (94) have observed a 4 to 5 fold increase in the 
uptake of CO. by the hyperemic skin as compared with the normal. Rothman 
(63), however, takes the position that hyperemia cannot in itself increase absorp- 
tion or penetration because the ‘‘barrier’’, the epidermis, lies above the capillary 
bed. A substance must first have passed the “bloodless barrier’’ before it can 
be removed by the increased circulation of blood in the corium. It must 
be remembered, however, that whatever produces hyperemia may also modify 
the permeability of the rete cells. 

(c) Stimulation or irritation. In addition to causing an expansion of the capil- 
lary bed, mechanical, chemical and physical stimulation may produce increased 
cell permeability. In the skin this is reflected by a lowering of the electric resis- 
tance of the skin, as for example, after the passage of a galvanic current (85, 95), 
or exposure to ultraviolet light (96) although in the latter case (97) the 
phenomenon occurs only after erythema has been induced. By the use of dyes, 
histological evidence of increased cellular activity has also been noted after ultra- 
violet light (98), and specifically nearly a doubling of permeability of skin cells 
to ammonia (99). Frank damage characterized by vacuolization following pene- 
tration of eosin from the cathode (79) has been observed. By chemical stimula- 
tion, for example, it has been possible to advance salicylic acid much more rapidly 
through the skin by means of capsicum (91), potassium iodide, and by pretreat- 
ment of the skin with pine needle extract (71). 

Milbradt (2), in experiments for which unfortunately no protocols are given, 
has studied the penetration of trypan blue and other dyes into skin pretreated 
with croton oil and other irritants. In every case he observed histological evi- 
dence of tissue irritation, such as increased mitosis, expansion of the capillary 
bed, ‘and ‘increase in the space between cells (Gewebsauflockerung). In every 
case also, there was markedly deeper penetration of dye than in the untreated 
skin. Peculiarly enough, the coloration seemed to transcend the epidermis very 


evenly; only occasionally were the skin appendages more deeply colored than the 
rest of the skin structures. 
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(d) Removal of skin constituents. Much could be said on this score. Since the 
location of fats and lipoid bodies on the surface and within the interstitial spaces 
of the outer layers of the epidermis may constitute a natural barrier to the pas- 
sage of many substances into the skin, their removal creates a decided modifica- 
tion of the epidermis. Thus, aside from their primary irritating qualities, ether, 
chloroform, phenol and a host of other organic solvents, by their solution and re- 
moval of lipids and cholesterol, are frequently considered for their properties of 
enhancing penetration. Even alcohol (2) in 50 per cent dilution has this effect, 
although at higher concentrations, permeability of the skin is decreased due to 
the precipitation of tissue proteins. The classical experiment of Winternitz (73) 
is frequently cited: When the skin of a rabbit was treated with strychnine, sys- 
temic reaction followed very slowly; when the skin was pretreated with chloro- 
form, or the alkaloid dissolved therein, systemic reaction followed very swiftly. 
Similarly, pretreatment of the skin with petroleum ether (101) enabled insulin to 
penetrate and lower the blood sugar. It is extremely doubtful whether any of 
the above lipoid solvents can be included within the considerations of ‘‘normal”’ 
skin permeability. Milbradt (2, 102) has found that saponin enhanced the pene- 
tration of dyes, epinephrine, iodine, salicylic acid, cinchophen, etc. In the case 
of trypan blue, saponin-treated skin was much more deeply penetrated than un- 
treated skin. The coloring showed in the middle layers of the corium, particu- 
larly around hair shafts. Besides its irritant action, which is noticeable above 
concentrations of 5 per cent, the chjef action of this glucoside is the precipitation 
of cholesterol. Saponin, therefore, seriously modified the normal lipoid structure 
of the skin. 

Water. There is still much difference of opinion as to whether water can pene- 
trate the skin from the outside to the inside. In reviewing the older literature, 
Schwenkenbecher (36) arrived at the conclusion that the skin of man and the 
higher animals offered a nearly complete barrier to the entrance of water. A 
frequently cited, but old observation of Fleischer (35) offers evidence for the com- 
plete impenetrability to water. This investigator immersed the whole arm in a 
plethysmograph filled with water and carefully sealed to prevent leakage. By 
means of a manometer connected to the plethysomograph, changes in the volume 
of water could be recorded. After making allowances for certain experimental 
errors, Fleischer concluded that in a period of one hour no water passed inward 
through the skin. Stejskal (34) states that the ability of water to penetrate in- 
ward through the skin can no longer be doubted and rejects the olderexperiments 
of Fleischer. His evidence for the penetration of water, however, is based largely 
on experiments of dubious value. He cites, for example, an early attempt (103) 
to measure changes in the total water content of the body by weighing before and 
after immersion in a bath, a technique involving gross errors. Even the recent 
carefully conducted experiments of this type by Whitehouse et al (104), which 
purport to show that water passes inward through the human skin under certain 
conditions, are not above suspicion. 

It thus becomes apparent that the experimental evidence for or against the 
passage inward of water through the skin is poor. This is disconcerting when one 
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considers the importance of water as the universal solvent. However, when the 
technical difficulties are evaluated, it becomes evident that these have been the 
deciding factor against an unequivocal answer. A decisive answer awaits the 
reinvestigation of the problem by means of isotopic tracer technique. 

On morphological grounds, it has been assumed that the skin is impermeable to 
water (49) at least on short contact (7) because of the water shedding action of 
the surface layer of fat and lipids extending inward through the layers of cornified 
epithelia. These lipids (cholesterol etc) are not hydrophobic, but hydrophilic, 
and upon prolonged contact enable the layers to take up water to a considerable 
degree, a phenomenon frequently observed as whitening of the palms and soles of 
the feet. According to Rothman (6) this water imbibition of the keratin is en- 
hanced by its acid nature (pH 5.5). This property of taking up water is lost in 
the layers of epidermis below the cornified (the ‘change over layers’’—spinosum 
and granulosum) where Schmidtman (12) has shown the pH may be as high as 
7.4. Here the protein being nearer to its isoelectric point should lose its ten- 
dency to take up water. Rothman (6) advances the theory, therefore, that the 
spinosum and granulosum layers may be considered the skin barriers to water. 
While no experimental proof for this line of reasoning is forthcoming, it may be 
significant that the skin of the frog, which lacks these layers, is freely permeable 
to water. 

Electrolytes. Although there is still difference of opinion, as in the case for 
water, the weight of evidence seems to favor the viewpoint that the skin of man 
and the higher animals is relatively impermeable to electrolytes. 

Attempts to determine whether the common electrolytes such as KCl, NaCl, 
CaCl, penetrate the skin have been faced with technical difficulties, chiefly due 
to the fact that it is necessary to demonstrate significant variation in the levels of 
substances already present in considerable quantities in the body tissues and 
fluids. Crippa (105) claims to have found in one case following an hour’s im- 
mersion of the body in a saline bath containing 11.85 grams Cl, 0.1081 gram Br 
and 0.04117 gram I per liter, a rise in the urinary excretion of chlorides of from 
6 to 18.6 grams! Measurable increases in I and Br excretions also occurred. 
This finding has never been confirmed with respect to the chloride, and can per- 
haps be explained by the entrance of chlorides into the body through other 
avenues than the skin. Using Hediger’s (44) method, Lehman (106) was unable 
to find measurable penetration of NaCl or CaCk. Burgi (45) was able to deter- 
mine absorption of traces of chlorides and iodides, but only from highly concen- 
trated solutions (10 to 27 per cent). This method is probably more suitable for 
analyses of the common electrolytes, but may not be sufficiently sensitive 
to record very small changes. Using a somewhat similar “remainder analyses”’, 
Antinobin (107) showed uptake of chloride and iodide by the hands immersed in 
a normal solution of the salts. The amounts were small but measurable. Using 
a new method, which depends on a change in the D. C. resistance of the skin as a 
measure of the amount of conducting electrolytes present in (and presumably 
passing through ?) the skin, Poznanskaya (108, 109) finds that the permeability 
decreases in the following order for the cations K > Na > Li > Ca > Mg > 
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Al, and for the anions 1 > Cl > NO; > SO, > citrate > salicylate. Unfor- 
tunately, it is not indicated what amounts of the substances penetrated. Stej- 
skal (34) states that the skin is freely permeable to KI and that increased pene- 
tration occurs when the electrolyte is applied in the form of an ointment. Gun- 
ther (110) reports penetration of KI, NH,I, Nal, on the basis of a rise in the 
iodides of the urine. Zwick (111), however, in some model experiments using 
skin freshly removed from the body was able to show that with Lil, and pre- 
sumably also with iodides of other alkali metals, a splitting of the compound oc- 
curred, i.e., the I penetrated and the Li remained behind. Thus it would not be 
correct to assume penetration of the cations on the basis of finding iodides in the 
urine. In other experiments where solutions of Li, Rb, Sr and Ba salts were ap- 
plied to the living skin, Zwick (111) was unable to detect any traces of these 
metals in the urine by spectroscopic means. This was confirmed by Kahlenberg 
(52) who immersed the feet of his subjects in hot foot baths containing 
the chlorides of Rb, Sr, Ba, Cs and Li. No traces of these metals could be de- 
tected spectroscopically in the urine. Whitehouse and Ramage (112) tested the 
permeability of the skin to LiCl. The arm was immersed for an hour in warm 
solutions of LiCl] ranging from 0.5 to 14 per cent. Although they were able to 
detect 1 mgm. of orally ingested Li in blood and urine by their spectroscopic 
method, not a trace could be detected after dermal exposure. Because of the 
great sensitivity of spectroscopic analyses, this must be regarded for the present 
as the best evidence that the skin is for all practical purposes impermeable to 
electrolytes. As to why the skin should be impermeable to electrolytes, the 
electrophysiological studies of Rein (80) have done much to advance a very 
plausible answer. According to his studies, the skin behaves like a charged 
membrane with a negative charge on the outside. Theoretically this membrane 
should be cation permeable and anion impermeable, and, therefore, in general, 
impermeable to electrolytes. 

Gases. The literature is in general agreement that all true gases, and many 
vaporized and volatile substances, pass through the skin in an inward direction; 
CO appears to be an important exception. It is doubtful that the avenues of 
entrance can be restricted to any one pattern such as the appendages (113). It 
appears that the process is one of simple diffusion across the entire skin which 
behaves like an inert membrane. This diffusion is influenced bya number of 
factors: (a) The tension or concentration difference of the gas on the two sides of 
the membrane (44, 114); (b) temperature (115); (c) solubility. The last involves 
both water solubility (115, 116) and lipoid solubility. Schwenkenbecher (117), 
in discussing the condition favoring passage of gas inward through the skin, re- 
gards lipoid solubility of great importance, citing the old model experiments of 
Filehne (100). According to this investigator the order of increasing lipoid solu- 
bility is H < CO < O. < N < CO, < HS. In the case of oxygen there is no 
doubt that penetration although small occurs. Krogh (118, 119) found a range 
of 0.5 to 1.6 ec. per square meter skin surface per hour for the pigeon and the eel 
whose systemic oxygen requirements are respectively 1600 and 30 cc. per hour. 
This lack of correlation between skin penetration and systemic requirement 
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prompted Krogh to consider the cutaneous uptake of O:, as one of pure physical 
diffusion. For man Zuelzer (120) has determined a maximum value of 0.7 ce. 
O-./(m)?/hour which is only yz that of the respiration through the lungs. It is 
very doubtful whether this small amount is of any physiologic significance. 
Goldschmidt et al (121), however, found that in unusual situations such as oc- 
clusion of the circulation of the arm, oxygen may diffuse into the skin from an 
oxygen filled plethysmograph and oxygenate the blood in the cutaneous vessels. 
Shaw, Messer and Weiss (122) have noted that oxygen is taken up by human skin 
from an atmosphere which contains less than 0.5 per cent and, furthermore, that 
there is never a passage of O. outward. Elevated temperature favors this dif- 
fusion. These observations indicate something more than simple diffusion for 
Oz; for the present the authors chose to regard this phenomenon as a reflection of 
local tissue oxidation, and of no general systemic significance. 

With adequate techniques (44, 45, 122), consisting of determining the disap- 
pearance of CO, from sealed containers in contact with skin, the passage of CO, 
inward through the skin has been well established. In early work (123) proof 
of the penetration of CO, through the skin was attempted by measuring changes 
in alveolar COs, a technique fraught with serious error, as demonstrated by Lilje- 
strand and Magnus (124). Hediger (44) showed that when a small glass bell 
cemented to the skin was filled with a CO.-charged solution, CO, passed inward 
through the skin so long as the tension was higher than alveolar (40 mm.) and out- 
ward when the tension in the solution fell below this. He calculated that from hot 
natural waters charged with 700 to 800 cc. CO: per liter, the whole body could 
take up as high as 200 cc. CO./min.! This would constitute a large proportion 
of the turnover of CO: by the lungs, and is obviously fantastic, since it would lead 
to marked respiratory stimulation, which never occurs. Kramer and Sarre (94) 
have measured the CO, diffusion inward through the skin at room temperature 
using Hediger’s method. The CO,-charged spring water contained 88 volumes 
per cent CO, at a tension of 650 mm. Hg. Assuming a body surface of 2 (m)?, 
these investigators found that penetration of CO: through the skin occurred at a 
rate which varied from 15 to 42 cc. per minute with different individuals. While 
these values are of a different order of magnitude from those of Hediger (44), 
Kramer and Sarre, nevertheless, confirm that with rise in temperature and CO, 
tension of the solution, very large increases in CO, diffusion do occur. Shaw and 
Messer (115), in very careful work with a plethysmograph covering the entire 
arm, have determined that at above 8.5 per cent CO, the gas moves inward, be- 
low 8.5 per cent CO, the gas moves outward through the skin. This equilibrium 
point is somewhat higher than Hediger’s (44). COs penetration is enhanced by 
both moisture (115) and elevated temperature (116). Lehman (106) has 
reported that the presence of salts seems to reduce the penetration of CO, from 
solution when applied to the skin after the method of Hediger. There is an ex- 
tensive literature on the penetration of CO, through the skin; it is mostly con- 
cerned with improvements of technique but does not materially change the con- 
cept of CO, penetration of the skin. It seems, therefore, unprofitable to pursue 
the subject further. 
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H.S and HCN have been extensively investigated because of the possibility of 
industrial hazard (44, 125, 126, 127, 128, 129). There is no divergence of results 
on HCN. According to Walton and Witherspoon (130) it penetrates the intact 
skin and causes death to experimental animals exposed to from 5.5 mgm. to 15 
mgm. per liter of air. Guinea pigs were killed in 8 minutes following exposure of 
an area of belly skin only 1 inch in diameter, dogs after 47 minutes. In some 
cases the hair was not even removed from exposure areas. Schutze (131) con- 
firmed the results on cats, and determined the concentration of gas below which 
no symptoms occurred to be about 0.4 per cent. In one experiment on himself, 
systemic effects such as weakness occurred after 27-minute exposure of arm skin 
to 2.2 volumes per cent. 

For H.S the results have not been unequivocal. Schutze (131) could demon- 
strate no systemic effect in cats and guinea pigs when one-fourth of the body sur- 
face, with hair removed, was exposed to 100 per cent atmospheres of H.S for 60 
minutes. Although he experienced severe burning and irritation followed next day 
by erythema and discoloration when his own arm was exposed to a 25 per cent 
atmosphere of H.S, no systemic effects were noted. Yant (132) reported that the 
whole body of man may be exposed to 2 per cent H.S for 30 minutes without skin 
discoloration, discomfort or systemic reaction. Walton and Witherspoon (130) 
were able to poison guinea pigs in 38 to 45 minutes when about one-half of the 
body surface was exposed to 100 per cent H.S, but in one dog, under similar con- 
ditions, no symptoms occurred. Laug and Draize (17) were able to poison rab- 
bits by exposing 9.3 per cent of their body area to pure HS and the gas was de- 
tected in the expired air within 7 minutes but systemic toxicity was sometimes 
delayed. A number of other investigators have reported positive findings with 
regard to H.S (113, 126, 128). It is necessary to reject the opinion of Rothman 
(6) that the toxic symptoms following skin exposure are caused by technical 
difficulties, such as leakage, leading to inhalation of H.S rather than by the gas 
penetrating the skin. Much more pertinent, in interpreting positive results 
after long exposure to H.S, are the considerations of possible injury to the skin. 
There can be no doubt that under certain conditions H»S may act as a severe skin 
irritant. The question then arises, how normal is this skin which is being per- 
meated? 

Behnke and Willmon (134) have determined the diffusion rates of N and He 
inward through the skin. The technique involved placing the individual naked 
in a rubber sack with air tight neck piece, and measuring the respiratory output 
of the gas in question. When the bag was filled with He at 700 mm. pressure, 
from 40 to 60 cc. of this gas diffused through the skin (1.7 (m)? surface) per hour 
at room temperature 27°C. When the temperature was elevated to 35°C. the 
diffusion rate increased to 170 cc. per hour, and could be correlated with a rise 
in peripheral blood flow. When the bag was filled with nitrogen the rate of 
diffusion of N was (after having first washed out body nitrogen), under the 
same conditions, only about half that for He. 

It is indicated that the human skin is permeable to radon in small amounts 
(135, 1386). By testing the radioactivity of the expired air, it was determined 
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that more passed through the skin from warm water than from an air bath. In 
all cases the permeability was of the order of 0.01 per cent, but was markedly 
increased by overlayering the skin surface with grease. 

Burgi (45) has reported that the skin is permeable to ammonia, but gives no 
details to show to what extent the skin may be injured (17) by this highly 
irritating gas. 

Fats. On theoretical grounds it may be assumed that the true fats and the 
non-saponifiable substances such as vaseline and mineral oil cannot pass through 
the skin. This is because the fats are fat soluble and water insoluble, a condition 
incompatible with the Overton theory which requires both lipoid and water 
solubility in order for a substance to move within and between the cells (Siiss- 
mann) (50). The explanation advanced by Rothman (6) that fats cannot pass 
through the skin because they exist in a colloidal disperse phase, and hence are 
unable to penetrate the cell walls, is probably not relevant. Theoretically the 
lipoid substances such as cholesterol, lecithin and their derivatives, as well as 
the fatty acids, should be able to penetrate the skin because they are miscible 
in both fats and water. There exists also the possibility that a true fat, in 
contact with the skin, may be subject to the action of skin lipases (137) and in 
this way attain hydrophilic properties. 

In general, it can be said that the literature is far from any consonance with 
the above theoretical considerations. This is typified in the antipodal view- 
points held by two schools of thought in Germany. Latzel and Stejskal (138) 
claim that 150 to 200 grams olive oil can be inuncted daily and cite this as a 
means for cutaneous feeding of patients. Winternitz and Nauman (139) reject 
this entirely and find on the basis of iodized oil inunctions that not more than 
rece Of this amount can possibly penetrate. The issue has been further confused 
by the use of inadequate methods. Inunction, for example, of an oily or fatty 
substance into the skin until the surface seems to have lost all trace of it has 
been one of the commonest reasons for believing that penetration has occurred. 
Unless it can be shown that the inuncted material or some derivative has actu- 
ally entered the blood stream or subcutaneous tissues, it must be assumed that 
although within the appendages the material is still for all practical purposes 
“outside” the body. Wild and Roberts (47) have applied the ‘‘difference”’ 
method to a study of vehicles for the inunction of mercury. Weighed amounts 
of hydrous lanolin, lard and petrolatum were rubbed into the skin of the forearm 
and the excess carefully scraped off and again weighed. It was thus found that 
20 per cent of the lanolin, 15 per cent of the lard and only 10 per cent of the 
petrolatum was “‘absorbed’’, the order at least confirming less quantitative ob- 
servations on the relatively poor absorption of the mineral base. The difference 
between active inunction of a skin area and the passive application of a quantity 
of fat beneath a watch glass secured to the skin is demonstrated in the results 
reported by Bernhardt and Strauch (140). These investigators found no meas- 
urable loss of fat through contact with the skin, but their results may be in 
error because no account was taken of a possible compensatory weight gain of 
this fat depot by water uptake from the skin. 
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Determination of fat or derivatives in the body tissues or excreta by chemical 
methods following skin exposure would seem to be the only means for obtaining 
an unequivocal answer to the problem. The difficulties of this approach are 
twofold: (a) The presence of an already large and variable lipid “mirror’’ 
in the blood, which would make small changes referable to a “fat stream’”’ from 
the skin difficult to interpret. (b) The extreme slowness with which fat depots 
subcutaneously introduced are absorbed (139, 140). Moser and Wernli (141) 
have reported an increase in the fat excretion in the urine following inunction 
of 20 to 30 grams’ lard to the arms and chest. In one case there was a 100 per 
cent increase in the absolute amount; in the other case no absolute increase, but 
a rise in concentration in the urine. A nephelometric method was used, but 
insufficient data are given to establish the range of normal variation. Both the 
positive results of Stejskal (142) and the negative results of Bernhardt and 
Strauch (140) and Winternitz and Naumann (139) depend on whether or not 
iodipe is found in the urine following cutaneous application of iodopin, an 
iodized oil. Regardless of the interpretation of the findings, it would appear 
that the results prove nothing because no allowance is made for possible fixation 
of small amounts of iodine that may have penetrated, and because the un- 
warranted assumption is made that the iodopin compound penetrates undecom- 
posed through the skin. In the older literature Lassar’s (143) finding of fat 
droplets in the internal organs and blood after treating the skin of rabbits with 
turnip oil, olive oil, and cod liver oil, could not be confirmed by Winternitz (73). 
Sobieranski (144), without even recourse to control studies, has claimed that 
vaseline penetrates the skin on the basis of the finding of small amounts of 
unsaponifiable materials in the tissues! 

Attempts have been made to study the permeability of the skin to fats by 
the use of histological and histochemical means. While these methods have 
shown the probable avenues of entrance, no completely satisfactory evidence of 
absorbed fat below the rete malpighii and in the cutis has yet been presented. 
Sutton (145, 146), one of the first to apply histological techniques, added the 
dyes fuchsin and scarlet (scharlach) to a number of fats and oils in order to 
trace their path into the skin after inunction. The assumption was necessarily 
made that the penetration of the dye would go pari passu with its vehicle. In 
no instance was dyed fat ever observed to pass directly into or through the skin 
and Sutton interpreted his experiments to mean that the skin was impermeable 
to fat. Penetration, however, occurred into the appendages. Under the most 
favorable conditions the entire lumina of the sebaceous glands were colored but 
never the base of the hair shaft. On the basis of his observations, Sutton made 
a rough evaluation of the ‘‘penetration”’ abilities of a number of common fats 
and oils: (a) Mineral oils and petrolatum—poor; slight coloring of skin surface. 
(b) Vegetable oils—fair to good; coloring partly within the mouth of the shaft 
and sebaceous duct. (c) Animal fats such as goose grease—excellent; coloring 
of entire lumen of sebaceous gland and upper half of hair shaft. Unna and 
Frey (147) used India ink as tracer for white petrolatum and a water-in-oil 
emulsion (Nivea Creme) consisting of petrolatum or lanolin emulsified with a 
higher alcohol of the meta cholesterol series. These investigators also could 
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find no evidence of the tracer within the cutis, but on the basis of penetration into 
the appendages confirmed the poor penetration of petrolatum but found excellent 
penetration of the “‘Nivea Creme” which they assumed was due to the water 
and emulsifying properties of the cholesterol. The marker for these experi- 
ments was an unfortunate choice; it was not soluble, but merely suspended. 
Thus the possibilities of separation from the vehicle can certainly be assumed 
to be greater. With some variations, the histological technique has more 
recently engaged the attention of a number of investigators (38, 39, 65, 148). 
Of these, Strakosch (65) and Harry (148) confirm that the only visible penetra- 
tion of fats is via the appendages. With perhaps better technique the loose 
upper layer of stratum corneum has frequently been seen to be colored, especially 
after lard, but never any layers below this. It is interesting to note that Harry 
found that oleic acid was absorbed into the appendages better than the fats; 
perhaps this can be attributed to the hydrophilic group at one end of the molecule. 

Eller and Wolff (39) applied olive oil, cocoa butter, cod liver oil, hydrous 
lanolin, liquid petrolatum and petrolatum to the skin of rabbits. In confirma- 
tion of the other investigators they found that the ascending order of penetra- 
tion, as judged by the amounts found on the surface and within the sebaceous 
glands and hair shaft, was mineral, vegetable and animal fat. The soft, oily 
material penetrated better than the solid. Except in the case of the mineral 
bases, photomicrographs of the skin section showed a maximum amount of 
penetrating material in the shaft after four hours, with a tendency for this to 
disappear after six hours. The authors apparently did not wish to commit 
themselves concerning several sections which showed evidences of discrete fat 
masses within the cutis. This would indicate complete penetration of the 
epidermis. Unfortunately the authors did not use colored fats, but stained 
the skin sections to bring out the presence of the inuncted fats. 

Duemling (38) studied the effect of wetting agents on the penetration of 
fatty substances. Unfortunately this investigator also stained the section rather 
than the fatty substance prior to application. The criticism here is perhaps 
not as serious because relative rates of penetration were studied with and without 
the wetting agents. The possibility, however, that the wetting agents might 
modify the distribution of the natural fats within the skin was not controlled 
but must be reckoned with. According to Duemling there was little difference 
in the penetration of fats alone as measured in biopsy sections taken at 15 and 
60 minute intervals. No inuncted material was found very deep within the 
hair shaft. In contrast, in the presence of wetting agents, fats were seen 
almost at the base of the hair shaft within 15 minutes. After 30 minutes, fat 
had penetrated beyond the base of the hair shaft, and in fact to the base of the 
skin section (4mm.). This is the only study which purports to show the pene- 
tration of fat actually into the cutis itself from the base of the hair follicles. 
The importance of this observation, if substantiated, can hardly be over-em- 
phasized. Because of the fact that the normal skin does contain dispersed fat 
globules in those areas from which the sections were taken, conservative judg- 
ment should await the preparation of sections made with colored fats. 

Carbohydrates. The information on this class of substances is meager. In 
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evaluating such data as are available, it would appear at present that the weight 
of evidence for or against the passage of carbohydrates through the skin is 
equivocal. As a class, the carbohydrates are water soluble or hydrophilic 
(starches) but lipoid insoluble (50)—properties incompatible with passage 
through an oil-water medium. On the other hand, being non-electrolytes, one 
could at least expect that the skin would offer no electrical barrier to the carbohy- 
drates as it does to electrolytes. According to Chomkovic (149), passage of 
carbohydrates through frog skin occurs with the same facility as water; in 
mammals, however, Rothman (6) assumes that the same barrier to carbohydrates 
exists as it does to water. The situation in the literature is about similar to 
that of the fats. The same polemics have raged between the Stejskal (142) and 
Winternitz (150) schools, the former citing additional (151) evidence to prove 
that lactose excretion rises to 76 per cent of that inuncted, the latter (139) being 
unable to find sucrose in the urine after inunction of large amounts, and citing 
the failure of Bauke (152) in obtaining any trace of mucic acid in the urine after 
160 grams of lactose were inuncted in 4 consecutive daily inunctions. 

Proteins and amino acids. There is evidence that minute quantities of protein 
may, under certain conditions, penetrate the skin and circulate in the blood. 
To show this, Walzer et al. (153, 154) have inuncted a cottonseed protein into 
the skin. After a suitable interval, a second topical application is made at a 
place removed from the first. Within a few minutes a reaction at the first 
inunction site occurs. This the authors consider proof that antigen must have 
circulated systemically. Golowanoff (155) has reported that guinea pigs can 
be sensitized to horse serum by keeping a compress moistened with the protein 
in contact with the shaved skin. After 14 days an injection of horse serum 
produces fatal anaphylactic shock. Kimura (157) has reported that egg white 
in petrolatum, when inuncted into the skin of rabbits, can be detected by the 
production of antibodies in the blood within 7 to 10 days. Owing to the delicacy 
of antigenic reactions, it is not surprising that the penetration of extremely 
minute quantities of protein through the skin can be detected. By the same 
token, however, caution must be observed that no lesions in the skin occur. It 
would appear likely, therefore, that the process of shaving or chemical depilation, 
as frequently practiced in animals, would not be suitable. 

While there is evidence that minute amounts of protein penetrate the skin, 
the claims of Stejskal (156) that gross amounts may be inuncted for nutritional 
purposes can hardly be taken seriously. This investigator reported that protein 
in fairly large amounts could be inuncted into the skin by the use of a proprietary 
salve, ““Dinutron’’, which contained 5 per cent egg white, 50 per cent fat and 37 
per cent carbohydrate. Repeated treatment of the skin made it more permeable 
to the protein, so that gram quantities (!) could be inuncted. The criterion for 
penetration of protein was a rise in N excretion in a patient previously in N 
balance. At best this analytical application is crude and no sensitization tests 
were made to check. 

With regard to the amino acids, which may be considered lipoid insoluble 
(50), there is an isolated report of the penetration of cystine (158) through the 
skin, and its detection as a rise in sulfur in the urine. 











*_, 





METABOLISM AND PERMEABILITY OF NORMAL SKIN 529 


Because of the great inferest in finding another route besides injection for 
supplying insulin to diabetics, numerous cutaneous studies have been made. 
The evidence in general seems to indicate that insulin can pass through the skin 
and lower the blood sugar both in man and the rabbit. The amounts required 
to produce effects comparable to subcutaneous injection are from 10 to 40 times 
as great (159, 160). In practically all cases it is necessary to pretreat the skin 
by a variety of means such as “stimulation” with heat, alcohol, ether or chloro- 
form (161) or alkaline petroleum ether (162). Hermann and Kassowitz (101) 
in an extensive investigation concluded that cholesterol and fats on the skin 
surface were a chief barrier to the passage of insulin and established the rationale 
for the use of volatile solvents such as those mentioned for their solution and 
removal. In addition they determined that alkalinizing the skin beforehand 
greatly facilitated insulin passage. It is somewhat questionable whether the 
methods used for rendering the skin permeable to insulin have not in some cases 
rendered the skin abnormal. It may be significant that Bruger and Flexner 
(163) in explaining their negative results conclude ‘‘that the absorption of 
insulin by the skin of rabbits is dependent upon the integrity of the integument 
.. the intact skin shows little or no absorption’. This statement may also be 
applied to include chemical damage which is frequently not as evident. Never- 
theless, there ‘is evidence that insulin also passes through the untreated skin 
from bland ointment bases such as “‘eucerin”’ (164) or lanolin (159) or even alone 
without any vehicle (161). 

Mercury and heavy metals. The greatest amount of attention has been focused 
on mercury because of its clinical application by cutaneous inunction in the 
treatment of venereal diseases. The literature on the subject is enormous, and 
it would not be profitable to consider it in detail. From the welter of earlier 
conflicting evidence, it can now be definitely stated that mercury passes through 
the skin in small quantities, and can be found in tissues, body fluids and excreta 
by routine chemical analysis (43, 50, 165, 166, 167). While the chemical methods 
have successfully shown that mercury penetrates the skin, they have not been 
suitable for showing how mercury enters. ‘ The earlier histological work of 
Neuman (168) and Fuerbringer (169) indicated that the avenues for the entrance 
of mercury were exclusively through the appendages, chiefly the sebaceous 
glands and hair follicles. Neisser and Siebert (170) confirmed this and were 
even able to show that metallic mercury seemed to penetrate much deeper into 
the hair follicle spaces than calomel, presumably because of its smaller state 
of subdivision. Zwick (42), using metallic mercury ointment, showed that no 
particles of mercury could be discovered by microscopic examination direct, or 
by chemical reaction, either in the deeper layers of the stratum corneum or in 
the strata below. The principal deposits of mercury were in the sebaceous 
glands and hair follicle shafts. On removing sections of inuncted skin at inter- 
vals, he was also able to show that the bright, rounded globules seen at first 
tended to become angular and dull, as though chemical reaction had taken place. 
Harry (148) inuncted mercuric oxide in a lard vehicle and showed by sulfide 
treatment that mercury had lodged in the sebaceous glands. Finally, Mon- 
corps (43), while confirming all of the other work cited, reported that there was 
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evidence also of fine mercury particles in the interstitial lymph channels of the 
cutis. If this latter observation could be confirmed, it would indicate that the 
penetration of mercury may not be limited exclusively to the pilosebaceous 
channels. For the present, however, it would appear that the weight of evidence 
favors the latter mode of entrance almost exclusively. 

Early work of Brezinasand Eugling (171) indicated that lead oleate, but not 
metallic lead, was able to permeate the skin from a lard-lanolin ointment base. 
These investigators used the basophilic granule response as indicative that 
lead had entered. The best evidence for the passage of lead through the skin 
of man, cat and guinea pig is based almost entirely on the painstaking chemical 
analyses of Siissmann (50). His frequently quoted figure for lead penetration 
of 0.1 to 0.2 mgm. per square meter of skin per day, however, is undoubtedly 
too high because it is based on inadequate control analyses. Compared to 
mercury, lead penetrates much less (178) and it may be assumed that this is 
due to the greater tendency of this metal to enter into insoluble combinations 
with the tissue proteins (50). Siissmann’s histological investigations indicate 
that the probable avenue of entrance of lead is, as with mercury, through the 
appendages. According to Tsunoda (41) the penetration of lead is directly into 
the cutis. Since there is no theoretical reason for believing that lead would 
behave differently than mercury, this result must be questioned until confirmed 
by other workers. 

Recently, Schmid (172) has reinvestigated the permeability of human skin 
to diachylon (lead oleate). He finds, after the application of 10 grams to 1000 
square centimeters of skin of the back, that the lead excretion averages 0.115 
mgm. in 24 hours and 0.270 mgm. in 48 hours, indicating that on prolonged 
contact, there is progressive permeation of lead through the skin. Penetration 
of lead is increased by salicylic acid, presumably through keratolytic action. 

According to Schmid and ‘Winkler (173), copper penetrates the human skin 
from copper oleate applied in a lanolin-petrolatum base. Following application 
of 10 grams to 1000 (cm.)? of skin of the back, there is a progressive increase 
for several days in urinary copper excretion. A marked increase results if the 
copper preparation is applied to damaged skin. 

Arsenic penetrates the skin. Leva (174) has shown that after the exposure 
of the feet to a hot bath containing 19 mgm. A’s per liter, the element can be 
detected in the urine. Macht (175) cites the case of a fatality resulting from 
the spilling of an arsenic-containing fluid over the legs and feet. Fuchs (176) 
reports that the daily inunction of arsenic ointments for 14 to 37 days causes a 
urine excretion of As as high as 5 to 10 mgm. per day. Draize et al. (179) have 
studied organic compounds of tri- and pentavalent arsenic incorporated in a 
variety of bases. They found that the arsenic readily permeated the skin of 
rabbits, and could be detected in the urine within 24 hours. 

Finally, Komiyamas (177), on the basis of blackening of subcutaneous sulfur 
deposits beneath the site of inunction, considers this evidence for the penetration 
of bismuth from a salve. 

There is theoretical reason to expect that other heavy metals are capable of 
penetrating the skin. 
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Vitamins. There is evidence that vitamins A, B, C, D and K pass through 
the skin. In the case of B; (180) and C (181), the evidence coming from but one 
laboratory is as yet unconfirmed; indeed the complete lack of lipoid solubility 
of ascorbic acid makes this positive result rather surprising. Vitamin A, being 


lipoid soluble, might be expected to pass through the skin, and the evidence 


for this although not extensive is uniformly positive. Helmer and Jansen (182) 
were able to prevent severe vitamin A deficiency symptoms by skin application 
in rats, and this was confirmed by Eddy and Howell (183), who observed in 
addition that.carotene was absorbed better than vitamin A. Recently Mandel- 
baum and Schlessinger (184), using the dark adaptation test, concluded that 
vitamin A, when applied as an ointment, can be absorbed through human skin 
in physiologically significant quantities. Since the experiments of Hume, 
Lucas and Smith in 1927 (185) a considerable number of investigators have 
confirmed their findings that lipoid soluble vitamin D passes through the skin 
in sufficient quantities to exert curative effects (186, 187, 188, 189, 55). In 
fact there have been two reports where even symptoms of vitamin D poisoning 
have followed extensive application of a D-containing ointment to the skin of 


normal rabbits (190, 191). Recently (192) successful percutaneous therapy 


with vitamin K was reported in infants suffering from prothrombinopenia. For 
additional review of data on vitamin passage through the skin, reference should 
be made to Eller and Wolff (193). Generally speaking, the problem of vitamin 
passage is an academic one, for in practice the amounts necessary for percutane- 
ous therapy are considerably larger than for other routes of administration. 

Sex hormones. Since the discovery of Zondek (194) that folliculin could pass 
through the skin of the mouse in sufficient quantity to exert physiological effects, 
a number of investigators (195, 196, 197, 198) have confirmed and extended 
these observations. Even though the sex hormones are lipoid soluble, incorpora- 
tion in oily and fatty vehicles seems to slow up their absorption. With estrogen, 
Zondek (199) found that it required 7 times as much to produce an effect quanti- 
tatively the same as when the vehicle was alcohol, ether or benzene; indeed with 
the latter vehicles there seemed to be little difference between cutaneous and 
subcutaneous administration. This was confirmed by Emmens (200). It is 
possible that the volatile solvent vehicles render the skin more permeable by 
removal or modification of the natural lipoid matrix within the skin, and in this 
sense, the skin may be abnormal. According to Zondek (199) progesterone in 
contrast to estrone is less easily absorbed through the skin. Moore, Lamar and 


Beck (201), who investigated testosterone, found that this substance was readily . 


absorbed by the skin from an ointment in sufficient amounts to maintain the 
accessory reproductive organs of castrate males in a normal reproductive state. 
For more detailed review of the literature, reference should be made to Eller 
and Wolff (202). In general, it can be stated that, provided a volatile solvent 
vehicle is used, the percutaneous and subcutaneous administration of the sex 
hormones produce effects which are quantitatively of the same order. 
Sulfonamides penetrate the intact skin either from ointments (203, 204, 205) 
or by iontophoresis of the sodium salts (206). According to Strakosch (203) 
there is no correlation between the penetration of sulfanilamide into the skin 
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of the guinea pig and the type of ointment base, whether water-in-oil or oil-in- 
water emulsion. Woodard et al. (205), on the other hand, found that the base 
was very important for absorption of sulfathiazole from the skin of rabbits, the 
order being as follows: Fat in oil < water-in-oil < oil-in-water < propylene 
glycol. Recently, MacKee et al. (207) developed a histochemical method for 
demonstrating the presence of sulfonamides in the skin and other tissues. With 
lanolin-water vehicle, only the surface and upper parts of stratum corneum 
showed sulfonamides, but with penetrasol (208) vehicle, sulfonamides were 
visualized in the hair shafts and even in the cutis. 

Boric acid. This is an example of a lipoid-soluble, and feebly ionizing sub- 
stance that is supposed to pass through the skin with great speed according to 
the frequently cited experiment of Kahlenberg (52, 209). When the feet were 
immersed in a warm bath containing 4 per cent boric acid in 30 per cent alcohol, 
boric acid could be detected in the urine within 50 seconds. When Na,B,O; was 
substituted, no B could be found in the urine, the explanation for this being 
that the sodium salt ionized freely and was therefore lipoid insoluble. It is 
unfortunate that such relatively high alcohol concentrations were used in the 
bath water, and it is therefore uncertain to what extent the permeability of the 
skin may have been abnormally modified. Recent experiments of Pfeiffer (210) 
have failed to confirm the penetration of H;BO; through the skin; it may also 
be significant that these investigators used no alcohol. 

Iodine. An extensive literature has grown up on this controversial subject. 
Nyiri and Jannitti (211) have reviewed in chronological sequence many of the 
references. The reasons for the divergencies of opinion as to whether the skin 
is permeable to iodine or not, may be summed up as follows: (1) inadequate 
chemical methods; (2) volatility of iodine; (3) injury to the skin by iodine or 
alcohol solvent; (4) fixation of iodine by tissues; (5) too short a period for urine 
collection; (6) failure to appreciate differences between the penetration of iodine 
and its salts. Theoretically, since iodine is lipoid soluble, it should be able to 
penetrate the skin but, as in the case of some of the heavy metals, it may be 
retarded by its interaction with the tissue proteins (53). On the other hand, 
potassium iodide is lipoid insoluble and ionizes freely in solution. But Zwick 
(111), as mentioned above, has shown that salts of iodine may split up in the 
skin, the iodine finding its way into the body and leaving behind the cation. 
The possibility of oxidation of iodides to iodine in the skin and the absorption 
of the elementary form (72, 36, 49) was recognized quite early, and Lehman (71) 
-in reviewing some of the modern literature on iodine passage through the skin 
mentions the possibility that H.O. resulting from the interaction between water 
and fat might form free iodine. This would account in part for the enhanced 
penetration of iodine from potassium iodide ointments as compared with aqueous 
solutions. It should be borne in mind that reaction of potassium iodide may 
also occur with the natural fats of the skin and this would serve to explain the 
uptake of iodine from potassium iodide baths (110, 105). 

An extensive piece of work on the penetration of elementary iodine was 
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reported by Nyiri and Jannitti (211). Unfortunately these authors included 
no tabular material and a critical appraisal of their results is therefore not 
possible. According to this investigation elementary iodine will penetrate 
the skin of dogs and rabbits when applied either in 5 per cent colloidal aqueous 
suspension or 3.5 per cent alcoholic tincture. With precautions to prevent 
inhalation, iodides (never free iodine) were found in the urine within 3 hour 
whenever at least 160 mgm. were painted on a sufficiently large surface 8-48 
(inches)?. The excretion of iodides was slow; 1 to 3 per cent of the amount 
applied to the skin of a dog was found in the urine within 3 days. In pouch 
experiments in which a flap of live rabbit skin with partially intact blood circula- 
tion was used, penetration of iodides, and colloidal and alcoholic solutions of 
elementary iodine through the entire thickness of the skin was observed. No 
matter in what form applied, only iodides were found in the Ringer solution into 
which the skin pouch was dipped. The authors stress the striking fact that. 
iodine also passed through the dead rabbit and dog skin pouches with the same 
facility: ‘‘...iodine finds its passage through the skin in the same amount 
irrespective of the condition of the tissue, whether the cells have a high or low 
vitality, or even are dead, and irrespective of the direction of penetration. 
This seems to point to the fact that the activity of the cells is not indispensable 
as far as the passage of iodine through the skin is concerned. In accordance 
with these results, we prefer to speak of the penetration of iodine through the 
surface of the skin and would reserve the absorption for the intradermal and 
hypodermal activity of the cells.”” It is unnecessary to emphasize the obvious 
importance of this observation and its acceptance must await confirmation by 
others. With regard to the avenues of iodine entrance through the skin, there 
appears to be extant only the old histological work of Traube-Mengarini (212). 
According to this, iodine penetrates through the appendages, including the 
sweat glands, but not through the epidermis directly. 

Salicylic acid. The literature on this subject is very large, and it would not 
be profitable to review it in detail. Reference should be made to Strakosch 
(213) who has considered some of the earlier investigations on salicylic acid, 
and to Hanzlik (214) who has reviewed the literature on the esters and compounds 
of salicylic acid. The modern literature (215, 213, 57, 216, 91) is in accord 
that salicylic acid and its esters pass through the skin with facility. It is not 
entirely clear which of the two properties of this acid, its lipoid solubility or its 
keratolytic action, is the determining factor in permeation. There appears to 
be fair evidence that the latter does increase its transfer through the skin (213, 
57, 91), byt this is denied by Rothman (6) and has been discussed under the 
section on skin function. Presumably both factors are important, but, in the 
ease of the esters, lipoid solubility is the more important. The alkali salts of 
salicylic acid are unable to pass through the skin (6). They are strongly ionized 
and lipoid insoluble. It has been assumed in the older literature (36) that when 
there was salicylate passage through the skin from a salt, this was due to the 
liberation of free acid on the skin by the action of COs. 
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MECHANISM OF THE DEVELOPMENT OF OBESITY IN 
ANIMALS WITH HYPOTHALAMIC LESIONS! 


JOHN R. BROBECK 
Laboratory of Physiology, Yale University School of Medicine, New Haven, Connecticut 


The obesity which follows hypothalamic injury holds the interest of clinicians 
and of physiologists alike, because it is one of the few types of obesity of known 
etiology, and because it can be produced in laboratory animals for experimental 
study. The injury responsible for the obesity may be the result of any one of 
several different processes. In the monkey, dog, cat and rat, it has been pro- 
duced either by surgical means, or electrolytically with the aid of the Horsley- 
Clarke sterotaxic instrument, while in man it is usually the result of some neo- 
plastic or infectious disease involving either the diencephalon or its near neighbor, 
the hypophysis. Whatever the immediate cause of the hypothalamic lesions, 
their consequences appear to be almost identical in every species studied, and 
it is therefore generally agreed that what has been learned upon the lower animals 
may be applied directly to the human syndrome. 

One of the most remarkable characteristics of this type of obesity is the ex- 
treme rapidity with which the individual gains weight. In questioning the 
patient, the examiner often discovers that the patient had previously been of 
normal size and weight, that the obesity began rather abruptly, and that its 
onset may have coincided with the appearance of other signs and symptoms of a 
disease process near the base of the brain. Each of these features was recog- 
nized by Mohr (1840) who first described this obesity, and consequently his 
report may be used to illustrate the usual clinical course of the disease. His 
patient was a 57-year old gardener’s wife who had become obese within a space of 
one year. For six years she had complained of vertigo and periodic headaches, 
and for three years she had suffered also from “‘mental deterioration.”” In her 
last year she became more and more incapacitated by specific neurologic deficits 
(both sensory and motor), her behavior became careless and childlike, and she 
became extraordinarily obese (her weight is not reported). She died rather 
unexpectedly, and the autopsy revealed a pituitary tumor, large enough to have 
eroded the sella turcica and to have distorted the base of the brain all the way 
from the anterior margin of the hemispheres to the pons varoli. 

In laboratory animals with experimentally produced lesions of the hypo- 
thalamus a dramatic gain in weight has been observed within a few hours follow- 
ing the operation; an adult female rat, for example, may increase its body weight 
by as much as 15 per cent within the first 24 hours, and may then continue to 
gain for several weeks at a rate ten times the normal rate of gain. This rapid 
gain is not indefinitely maintained, and the animal eventually reaches a plateau 


‘ The experiments described in this paper from the Department of Physiological Chem- 
istry and the Laboratory of Physiology, Yale University, were aided by grants from the 
Markle Foundation and from the Fluid Research Fund and the George H. Knight Fund of 
the School of Medicine, Yale University. 
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where its weight may remain relatively constant for many months (Keller and 
Noble, 1936; Hetherington and Ranson, 1940; Brobeck, Tepperman and Long, 
1943a.) Using the terminology of Rony (1940), Brooks (1945a,b) has desig- 
nated the period of rapid gain as the dynamic phase and the plateau as the static 
phase of the obesity. 

From the anatomical or pathological point of view, the carcass of an obese 
animal is remarkable chiefly because of the great quantity of surplus fat con- 
tained in it. Smith (1927) found this fat to amount to as much as 74 per cent 
of the total carcass weight (cf. Hetherington and Weil, 1940). The depots of 
the subcutaneous tissue, the omentum and the mesenteries of the viscera are 
filled with fat, as are the perirenal tissues, the pericardium and, in fact, every 
location where adipose tissue normally exists. The liver is yellow, may be 
double the normal size, and in the fed state may contain twice the normal per- 
centage of ether-extractable lipid, which means that the total quantity of hepatic 
fat may be approximately four times the normal amount. Plasma lipid con- 
centrations are likewise elevated, especially in the fed state, and this elevation 
and the increased quantity of liver fat have been interpreted as evidence that 
the rate of turnover of lipids is abnormally high (Tepperman, Brobeck and Long, 
1943). Though it should be possible to measure the rate of this turnover by the 
use of isotopic elements, such a measurement apparently has not been made, and 
the significance of the high lipid levels remains somewhat conjectural. Likewise 
uncertain is the significance of the cirrhosis of the liver observed by Graef, 
Negrin and Page (1944) in certain obese dogs with combined hypophysial and 
hypothalamic injury. If it is true that the rate of lipid turnover is elevated in 
this type of obesity, the animals might well use in this turnover large amounts of 
compounds such as choline which participate in lipid metabolism in the liver 
(McHenry and Patterson, 1944). The cirrhosis observed by Graef and his 
collaborators, then, might have been the result of a relative deficiency of lipo- 
tropic substances in the diet. The problem appears to be worthy of further 
investigation for its possible contribution to the understanding of the pathways of 
lipid metabolism as well as for its application to the problem of obesity. 

Although complete histological descriptions of the organs and tissues of obese 
animals with lesions restricted to the hypothalamus have not been published, 
there is reason to believe that several different types of abnormality may be 
present. The gastro-intestinal tract shows a generalized dilatation and hyper- 
trophy which have been tentatively attributed to the unusual feeding habits of 
the rats in which the condition was noted (see below). The obese rat may also 
exhibit conspicuous abnormalities of kidney function and structure, characterized 
by the presence of albumin, erythrocytes and casts in the urine, and by hyalini- 
zation of the renal glomeruli, dilatation and necrosis of the tubules, and a general- 
ized increase in the amount of connective tissue around the nephrons (Brobeck, 
Tepperman and Long, 1943a). Hypoplasia of the gonads and genitalia has 
been frequently observed in human patients as well as in experimental animals 
(Babinski, 1900; Frohlich, 1901; Bailey and Bremer, 1921a, b; Hetherington and 
Ranson, 1942b; and others.) This hypoplasia was at first assumed to be an 
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evidence of anterior lobe deficiency ; more recently, however, similar abnormalities 
of the reproductive organs and of mating behavior have been observed in animals 
in which the anterior lobe was not directly injured, and there is a growing ten- 
dency to attribute regulation of reproductive functions to the hypothalamus 
(Dey, 1943; Bard, 1940.) Just how the hypothalamus may control sexual 
functions remains to be discovered, and lacking further information, one cannot 
properly evaluate the significance of the genital hypoplasia present in the obese 
animal or patient. Brooks and his collaborators (1942) and Hetherington and 
Ranson (1942 b) have suggested that the two conditions, viz., obesity and genital 
hypoplasia, are not necessarily related, since certain lesions apparently produce 
one without the other. But on the other hand, Bailey and Bremer (1921b) were 
of the opinion that the one condition may induce the other, i.e., that obesity in 
some way alters the growth and function of sexual organs, and clinical literature 
already contains data to support their hypothesis, since obese women with irregu- 
lar menstrual cycles or with amenorrhea have been found to recover normal cycles 
when they lose weight as the result of dietary restriction (Evans, 1940). 

In order to complete this description of the obese animal, several other types 
of abnormality should be mentioned although their significance is not at all clear. 
Changes in the skin and fur have been described, especially in the rat, where the 
fur apparently deteriorates in appearance because the animals are too obese to 
groom their coat as normal rats do (Hetherington, 1940; Graef, Negrin and Page, 
1944). Several investigators have also noticed that their obese animals readily 
succumb to vague, apparently nonspecific diseases in which the progress of the 
obesity is either temporarily or permanently interrupted (Hetherington and 
Ranson, 1940; Brooks, 1945c; Ingram, 1945). While present knowledge of the 
biology of these animals leaves much to be desired, the possibility that they may 
require relatively large amounts of the various accessory food factors appears to 
be worthy of consideration. Their total energy exchange, which is the basis 
upon which vitamin requirements are usually estimated, is known to be much 
greater than normal (see below), and some of these disorders which appear 
to be nonspecific diseases may well be the result of certain types of dietary 
deficiency. 

In addition to the physical characters just described, abnormalities of behavior, 
especially hyperirritability and hyperexcitability, have been reported. Hether- 
ington and Ranson (1942 c), referring to rats with lesions situated at the level of 
the pituitary stalk, wrote as follows: “Often rats with large lesions in thisregion 
of the hypothalamus will run almost continuously in an automatic, almost 
frenzied fashion for several hours after they awake from the anesthetic. This 
period may be succeeded by another lasting several days when the animals will 
seem to be stuporous, but will respond with exaggerated violence to slight tactile 
stimuli. . . .After the acute phases of the postoperative period are past the rats are 
rather lethargic, though this characteristic usually does not appear to partake of 
somnolence or a lack of alertness. They are, in fact, generally somewhat irritable 
and excitable for a number of weeks. With handling the rats after a time often 
lose this touchiness to a certain extent. (It should be mentioned, in passing, 
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that more recently operated rats with lesions in the caudal hypothalamus have 
displayed neither the acute hyperactivity nor the later hyperirritability of the 
rats just described.)’’ The observations of Krieg (1938) and of Brooks (1945c, 
1946) are in general agreement with Hetherington and Ranson’s description. 
Wheatley (1944), working in Ingram’s laboratory, undertook a study of the 
affective behavior of cats with hypothalamic lesions, and obtained certain animals 
which, “in the presence of an observer, continually showed all the physical 
manifestations which have been observed in normal cats when provoked to rage, 
i.e., mydriasis, horripilation, defecation, urination, vocalization of anger, spitting, 
lashing of the tail and a kyphotic attitude. They would attack the observer in a 
vicious, aggressive manner, biting and clawing when attempts were made to pet 
them or when other innocuous stimuli were applied.” Ingram (1945) studied 
additional animals of this type and observed; ‘Postoperatively (they) have a 
striking change in temperament ranging from unfriendly to outright savage.” 
Several of the savage cats became obese, and there appears to have been some 
correlation between the change in temperament and the obesity. Nevertheless, 
Hetherington and Ranson (1942c) observed no hyperexcitability in rats which 
became obese following the production of lesions of the posterior hypothalamus, 
and the obese rats prepared in the laboratory of Long (unpublished) were not 
difficult to handle. Rather than irritability, the latter appeared to show apathy 
and indifference, as Bailey and Bremer (1921b) and as Smith (1927) had 
previously observed. 

Irrevelevant nature of injury to the pituitary. The recent work of Hetherington 
clarified one of the most confusing and controversial issues ever to arise in experi- 
mental physiology, namely, the réle of the anterior lobe in the development of 
obesity. Hetherington (1943) has shown that hypothalamic lesions will produce 
obesity whether the anterior lobe is present or has been removed, and further, 
that no amount of pituitary damage will induce obesity when the hypothalamus 
is intact. His experiments clearly indicate that the long-held opinion that the 
obesity of ‘Fréhlich’s syndrome’’ is a sign of anterior lobe insufficiency is incor- 
rect. Because of the importance of Hetherington’s conclusions, a brief review of 
the history of this problem appears to be in order here. 

Although Mohr published the first known description of a case of hypothalamic 
obesity in 1840, no one appears to have inquired into the cause of the obesity 
until early in the twentieth century, when the papers of Babinski (1900), 
Frohlich (1901) and Erdheim (1904) appeared. Then within a space of four 
years there arose what eventually became a classic controversy. Frohlich, 
recognizing that the obesity was usually associated with tumors of the hypo- 
physis, considered the condition to be an endocrine disease, a sign of hypopitui- 
tarism. But three years later Erdheim expressed a dissenting opinion, as follows: 
“We agree with Fréhlich that pathological obesity is of frequent occurrence in 
(patients with) hypophysial tumors. It seems to us, however, that he is unjus- 
tified in his interpretation that a change in function of the hypophysis as an 
endocrine gland is responsible for the adiposity. We further believe that the 
reason for it must be sought in the tumor’s influence—be it injury or stimulation 
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— on the region of the base of the brain” (p. 689). Erdheim based his opinion 
upon the following facts: 1. In certain cases of this obesity the tumor arises 
from structures other than the hypophysis and leaves the gland relatively undam- 
uged. 2. No particular type of tumor is associated with the development of 
obesity. 3. Adiposity and acromegaly may occur together. 4. Tumors which 
do produce adiposity always involve the base of the brain, although admittedly 
not all tumors which damage the brain produce obesity. Erdheim concluded 
his paper, however, with a statement admitting that the exact region of the brain 
which must be affected to produce the disease was unknown to him. 

The appearance of conclusive experimental evidence in support of Erdheim’s 
position was long delayed, since the réle of the anterior lobe as a regulator of 
metabolic processes was first to be revealed, while the etiology of this experi- 
mental obesity remained a more or less subordinate and incidental problem. 
When the obesity was produced in experimental animals, it was produced by 
operations upon the pitutiary gland, and it was therefore considered to be a sign 
of hypophysial disturbance by those who believed that they had performed their 
operations without injuring the overlying hypothalamus (Crowe, Cushing and 
Homans, 1910; Bell, 1917; Dott, 1923). But the conclusions of this neurosurgical 
school were challenged by another group of investigators who found that opera- 
tions upon the pituitary resulted in obesity only in those animals in which there 
was histological evidence of injury to the hypothalamus. Aschner (1912) was 
evidently the first to make this observation in laboratory animals, although 
general acceptance of his conclusions by other investigators appears to have been 
delayed by his attempt to distinguish between obesity as it develops in hypophy- 
sectomized puppies and as it occurs in adult dogs with hypothalamic lesions. 
Nevertheless, later study generally confirmed his conclusions. Camus and 
Roussy (1913; 1920; 1922) found that neither partial nor complete removal of the 
anterior lobe produced either obesity or diabetes insipidus in the dog unless the 
base of the brain was also injured, and their observations upon obesity were 
confirmed, in turn, by Smith (1927; 1930) upon rats in which an attempt had been 
made to compare the results of two different operations. The former operation, 
hypophysectomy by a parapharyngeal approach, produced cessation of growth, 
loss of weight, weakness, cachexia, and atrophy of the thyroid, suprarenal cortex 
and gonads; the latter operation, the injection of chromic acid into the region of 
the hypothalamus and pituitary gland using a subtemporal approach, brought 
about obesity and genital dystrophy. 

In the meantime obesity had been produced in one or perhaps two dogs by 
hypothalamic injury alone. The animals in question were described by Bailey 
and Bremer (1921a, b) among a series of dogs in which operations had been per- 
formed upon the base of the brain by way of the subtemporal approach perfected 
by Harvey Cushing. The authors were primarily interested in the question of 
the origin of diabetes insipidus, but they obtained at least one unquestionably 
obese dog in which no direct encroachment upon the hypophysis could be detected 
by microscopic study of sections from that organ. Until 1940 this remained the 
only case of true hypothalamic obesity known to have been reported in the 
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experimental literature. It remained for Hetherington and Ranson (1939, 1940) 
to show that obesity regularly follows the production of lesions restricted to the 
hypothalamus in the rat, and to rule out the possibility that anterior lobe defi- 
ciency is in any way necessary for the development of this condition. Where 
others failed or met with only limited success, Hetherington and Ranson 
succeeded because they used the Horsley-Clarke stereotaxic instrument (modified 
by Clark (1939) for use on the rat), with which discrete electrolytic lesions may be 
placed at predetermined locations within the brainstem. Their results have been 
confirmed in other laboratories in the rat (Brobeck, Tepperman and Long, 1943a; 
Brooks, 1945a, b; 1946), the cat (Wheatley, 1944; Ingram, 1945) and the monkey 
(Brooks, et al., 1942; Ruch, Patton and Brobeck, 1942). Hetherington and 
Ranson (1942a) were able to show that the development of the obesity is inde- 
pendent of pituitary damage, since the condition can be produced not only in 
rats with uninjured hypophyses, but also in rats from which the hypophysis has 
been removed either 10-11 weeks before, or one week after the production of the 
hypothalamic lesions. Their hypophysectomized rats with hypothalamic lesions 
exhibited characteristic dwarfism in addition to obesity. The latter condition, 
therefore, is not directly related to the level of pituitary function, or, in the words 
of Hetherington (1943): “Since neither total nor partial hypophysectomy pro- 
duces adiposity, or prevents its appearance after hypothalamic damage is done, 
it is not likely the hypophysis is involved in the production of obesity often 
associated with injury to structures in the pituitary region. Hypothalamic 
disorder appears to be the sole responsible factor.” 

In view of the fact that the papers of Fréhlich (1901) and Erdheim (1904) 
began a controversy which endured for almost 40 years, a recent statement by 
Fréhlich (1940), made at the 1939 meeting of the Association for Research in 
Nervous and Mental Disease, is of considerable interest: ‘“The discussions that I 
have attended the past two days have established the fact that we were wrong in 
1901, that it was not the pituitary body, but the hypothalamus, but then I must 
remind you that all we knew at that time was that the hypothalamus was an 
anatomical region lying beneath the thalamus. ...Everything was in darkness 
like the gray substance, the tuber cinereum. Hence, I attributed this syndrome 
to a tumor of the hypophysis without acromegaly. Since the first description, 
many cases have been recognized’”’...Fréhlich might have added that many 
cases have been not only recognized, but also described in medical literature, 
although with perhaps one or two exceptions? the more recent reports have added 
little to the picture presented forty years ago by Frohlich and Erdheim. 

Localization of effective hypothalamic lesions. In only a very few of the pub- 
lished reports dealing with experimental obesity have the lesions been well 
enough described to permit identification of the cell groups concerned in the 
pathogenesis of this condition. The obese dog (dog 10) observed by Bailey and 
Bremer (1921b) suffered two lesions of the posterior hypothalamus between the 
level of the stalk and the anterior border of the mammillary bodies, but from 


? A notable exception is the critical survey by Bruch (1939), who has published an English 
version of Fréhlich’s original paper. 
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their description a more specific localization cannot be given. The papers of 
Camus and Roussy (1913, 1920, 1922), Grafe and Griinthal (1929), Smith (1927 
and 1930), Crooke and Gilmour (1938) and Biggart and Alexander (1939) 
contribute only limited information in this regard, either because exact descrip- 
tions of the lesions were not given or because the authors were unable to correlate 
the site of the injury with the appearance of obesity in the animals of theirseries. 
The latter statement applies particularly to the papers by Crooke and Gilmour 
and by Biggart and Alexander; in both the lesions were said to involve the 
anterior hypothalamus, but other animals with what appeared to be similar 
lesions failed to gain extra weight. Heinbecker, White and Rolf (1944) have 
suggested that the paraventricular nucleus, especially its caudal portion, is con- 
cerned in some way with “fat metabolism,” and that lesions which interrupt axons 
from cells of this nucleus produce obesity. They report a “‘good correlation” 
between injury to this nucleus and weight gain in their dogs. Unfortunately, 
the free-hand lesions which they made damaged many other nuclei and inter- 
rupted many fibers in addition to those from the paraventricular nuclei, and 
hence their conclusions are not as convincing as they might be. Hetherington 
(1941, 1944), on the other hand, placed discrete, well localized lesions in almost 
all parts of the hypothalamus of rats, and found that large lesions of the anterior 
or dorsal hypothalamic areas, or of the suprachiasmatic and preoptic regions 
failed to evoke adiposity, even when the paraventricular nuclei were almost 
completely destroyed. The lesions which did produce obesity involved the 
tuberal or the posterior levels of the hypothalamus, while the most effective 
lesions lay in or ventrolateral to the ventromedial nuclei, which in the rat are 
situated at the level of the median eminence just lateral to the third ventricle and 
ventromedial to the fornices. (The swelling or “tuber” visible upon the ventral 
surface of the rat’s diencephalon is caused mainly by the presence of the ventzo- 
medial nuclei at that level.) Hetherington and Ranson (1942b) obtained 
“markedly obese’”’ rats from bilaterally symmetrical destruction of these nuclei. 
They found, however, and others have also reported (Brobeck, Tepperman and 
Long, 1943a) that these nuclei need not be completely destroyed in order to 
evoke a very remarkable weight gain in the rat, since relatively small lesions 
placed on the ventrolateral borders of these nuclei and extending to the base of 
the brain are singularly effective. Hetherington and Ranson suggested that 
axons leave the nucleus along its ventrolateral aspect, where they may be 
destroyed with relative ease. The same fibers can apparently be interrupted at 
more caudal levels with similar results, since Hetherington and Ranson found 
that lesions in the posterior part of the lateral hypothalamic area—that is, 
dorsolateral to the mammillary bodies—were also effective, while Ruch, Patton 
and Brobeck (1942) obtained obesity in monkeys from still more caudally placed 
lesions affecting the ventral part of the thalamus, the rostral portion of the 
mesencephalic tegmentum and the H fields of Forel. There is a strong presump- 
tion, therefore, that the neurons involved in this disturbance lie in, or at least in 
the region of, the ventromedial nuclei; that their axons run from the inferior and 
lateral borders of those nuclei into the region above and lateral to the mammillary 
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bodies, and from there into the mesencephalic tegmentum (Hetherington, 1944; 
Brobeck, Tepperman and Long, 1943a; Wheatley, 1944; Graef, Negrin and Page, 
1944.) 

Energy balance of animals with hypothalamic lesions. The interruption of 
axons from cells situated in the region identified above profoundly alters the 
individual’s energy balance in such a way as to lead to the retention of a relatively 
large energy surplus in the form of neutral fat. By tradition, this retention has 
been regarded as a manifestation of some primary disorder of fat metabolism— 
presumably, as a consequence either of a slowing down of lipid oxidation or of an 
enhancement of fat synthesis. A careful search of the data published from vari- 
ous laboratories, however, yields almost no evidence to justify the opinion that 
the lesions directly set up any type of metabolic disorder; rather, the data appear 
to support the interpretation that hypothalamic obesity arises from certain 
specific deficiencies in the regulation of energy intake and energy output, and 
that whatever metabolic changes do exist are secondary phenomena arising 
from the regulatory deficits. To attempt to explain the pathogenesis of the 
obesity, therefore, is to attempt to identify the source of the surplus energy and 
to determine why the animal spends less energy than it takes in. 

Basically there are only three possible sources from which this extra energy 
might be derived. They are: 1. The food intake of the individual might be 
increased by the lesions, so that in the presence of an unchanged rate of expendi- 
ture, a certain amount of energy is left over for extra storage. 2. Food intake 
might be unchanged, but the amount of energy spent as work might be diminished. 
In an experimental animal this would probably become evident as a reduction in 
the animal’s spontaneous locomotor activity. 3. Food and work might be 
constant, but the energy lost as heat might be decreased. This decrease might 
occur a, in that fraction of heat loss which makes up the basal metabolism of the 
animal; b, in the heat associated with muscular exercise; c, in the heat liberated 
in the course of the digestion, assimilation and utilization of food (the so-called 
“specific dynamic action’’), or d, in the amount of heat expended by the animal 
for purposes of temperature regulation. In the following discusssion these 
possibilities will be considered one at a time. 

1. Food intake. That animals with appropriate hypothalamic lesions may 
become obese because they eat large quantities of food appears to have been 
first suggested by Keller, Hare and D’Amour (1933), who found that certain of 
the cats and dogs upon which they had performed operations for another experi- 
ment showed an “enhanced appetite.’”’ At this time no mention was made of 
obesity; but in two short papers published later, Keller and Noble (1935, 1936) 
noted that dogs with this ‘‘enhanced appetite” became obese, although in many 
cases the increased food intake as well as the obesity were only of transient dura- 
tion. Keller and his colleagues gave almost no quantitative record of their 
animal’s food intake, nor did they report the rate of weight gain. Yet they did 
make the interesting observation that at least. one of the kittens and one of the 
dogs would drink enormous quantities of milk (but not of water) when they were 
given no other food. Their dog 130 once drank five liters of milk within an 
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eight-hour period, and before the end of the period was passing undigested milk 
by rectum. (See also Keller, Noble and Hamilton, 1936.) A few years later 
Krieg (1938) also mentioned “alterations of feeding reactions” in rats with 
hypothalamic injury, but the nature of the alterations and their possible 
significance in the etiology of obesity were not further described. 

Within the past five years, observations similar to those of Keller and his 
collaborators have been made in several different laboratories upon the rat 
(Tepperman, Brobeck and Long, 1941; Brobeck, Tepperman and Long, 1943a; 
Brooks, 1945a, b, c, 1946), the cat (Wheatley, 1944; Ingram, 1945,) the dog 
(Heinbecker and White, 1944,) and the monkey (Brooks et al. 1942.) When fed 
ad libitum, animals with hypothalamic lesions may eat twice or three times the 
amount of food eaten by normal animals; as Keller observed, they appear to have 
an “enhanced appetite,” or as stated by Brobeck, Tepperman and Long 
(1943a), they exhibit hyperphagia’. Their greatly augmented food intake 
appears to be a consequence of a highly abnormal attitude toward food—an 
attitude which is most noticeable within the first few days following the placing 
of the lesions, but which may persist almost indefinitely and which is intensified 
by short periods of fasting or by restriction of their food intake. They habitually 
exhibit what appears to be extreme hunger, and they may be said not to “eat” 
their food, but rather to ‘‘attack” and to “devour” it. For example, Wheatley 
(1944) found that his cats “ate hurriedly or wolfed their food, while normal cats 
given the same diet ate slowly, frequently taking several hours to consume their 
allowance.” He wrote also of their ‘voracious, tigerish appetite,” while Ingram 
(1945) likewise observed that his cats displayed ‘‘a high degree of voracity, eating 
their meals in a fraction of the time taken by most normal cats or by cats with 
control lesions.’”” When their food intake is limited (as in a paired feeding exper- 
iment where the animal with lesions is given only a normal amount of food each 
day), they may eat their food within a few minutes or an hour, although an 
equivalent amount will supply a control animal for the full 24 hours (Brobeck, 
Tepperman and Long, 19438a). A comparable degree of voracity was also 
observed by Brooks (1945c) in rats used for a paired feeding, space-feeding exper- 
iment in which small portions of food were delivered to the animals at intervals 
throughout the day and night. Fed in this manner, normal rats hoarded their 
food during the day and ate it at night, while the rats with lesions appeared to be 
eagerly awaiting the delivery of each morsel which they devoured as soon as it 
fell into the cage. 

One of the elements of hypothalamic hyperphagia which makes it such a 
striking, impressive phenomenon is the abruptness of its onset. In the rat, for 
example, where the hypothalamic operation is usually performed with the rat 
under the influence of a short-acting barbiturate, ravenous eating may appear 


3 The word “‘hyperphagia’’ was chosen because it does not have the subjective, psycholo- 
gical connotations of the terms ‘“‘hunger,’’ “‘appetite,” “‘satiety’’ and ‘‘bulimia,’”’ and 
because the word ‘‘polyphagia,’’ which might have been adopted, implies ‘‘omnivorousness; 


craving for all kinds of food’’ (Dorland). Hyperphagia is taken to mean simply increased 
eating. 
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even before the effects of the anesthetic are completely gone, and the food intake 
of the first post-operative day may be three times the normal daily intake. In 
many instances the animal eats more during the first 24 hours than it ever eats 
during a similar period thereafter; it is not uncommon to find that on this first day 
the food intake jumps to a high peak and that it subsequently declines gradually 
as the animal becomes more and more obese. Expressed in terms of the dynamic 
and static phases of the obesity, the food intake may be greatest at first and less 
as the animal approaches and enters the static phase. There are certain animals, 
however, which never enter a true static phase because they continue to overeat 
and to gain weight almost indefinitely. These are the animals in which the 
the greatest deficit appears to be present, and it is evident, therefore, that the 
deficit is not an all or nothing phenomenon, that some operations are more suc- 
cessful than others, and that there is a considerable amount of variation in the 
degree of the hyperphagia exhibited by different animals. 

At least two partially successful attempts have been made to ascertain the 
significance of the tendency shown by many rats to return to a normal food intake 
as they become obese. There may be a certain amount of recovery from the 
effects of the operation, but the following experiment indicates that this is not 
the only explanation of the gradual decrease in food intake. A rat will regain its 
hyperphagia if it is first fasted long enough to allow it to return to a normal body 
weight. To perform this experiment the animal is allowed to grow obese; it is 
then fasted for 20-35 days, depending upon just how obese it has become; and 
finally, it is given food ad libitum once more. It will then become obese a second 
time (Brobeck, Tepperman and Long, 1943a; Brooks, 1945c). 

During the period of extreme hyperphagia immediately following the operation, 
a rat may gain as much as 42 grams in 24 hours, where the normal rate of gain is 
only 0.5-1.0 gram per day (Brobeck, unpublished). Most of this immediate 
gain must represent the food and water with which the gastrointestinal tract is 
distended; yet the rat may continue to outgain its control by a ratio of more 
than 5:1 for several weeks or more, and in this case the weight gain must represent 
an actual increase in tissue constituents, i.e., in neutral fat. Brobeck, Tepper- 
man and Long (1943a) found that there was a significant correlation between 
food intake and weight gain in their rats, since the more the animals ate, the more 
weight they gained, and this observation led the authors to conclude that the 
hyperphagia was primarily responsible for the development of this type of obesity. 

Whether hyperphagia is solely responsible for the abnormal weight gain, 
however, is a debated topic (Hetherington and Ranson, 1942c; Brobeck, Tepper- 
man and Long, 1943a; Brooks, 1946; Brooks and Marine, 1946; Ingram, 1945). 
To attempt to answer the question, animals with lesions have been pair-fed with 
normal controls by giving the operated animal the quantity of food eaten by the 
control on the previous day (or during the previous week). The energy intake is 
thereby held to a normal level at which the weight gain of the two animals may 
be directly compared. The results apppear to show that while hyperphagia is 
the most important factor and while in many animals it may be the only factor, 
there are other factors which have smaller though appreciable effects upon weight 
gain. The experience in Long’s laboratory may be taken as a typical one. 
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Twelve paired feeding experiments were reported; in nine of them the rat with 
lesions gained at the same rate as the control with which it was paired until the 
time ad libitum feeding was instituted, whereupon the former animal almost im- 
mediately began to become obese because it increased its food intake. Here the 
hyperphagia appeared to be solely responsible for the obesity. In the other 
three pairs of the series, the rat with lesions gained a little more rapidly than the 
control during the paired feeding, yet when ad libitum feeding was permitted 
the former animal underwent an abrupt rise both in food intake and in weight 
gain. Here the hyperphagia, although clearly the most important, was not the 
only factor responsible for the excess gain. To discover the nature of the other 
factors it is necessary to enquire further into the behavior of the animal with 
hypothalamic lesions. 

One of the most popular hypotheses to account for the obesity of human 
patients who are said to eat only a normal quantity of food is the idea that their 
food is unusually well digested and absorbed from the gastrointestinal tract. 
Thus their total energy intake might be greater than that of normal individuals 
even though the total amount of food actually eaten by the two groups might be 
identical. Unfortunately for the proponents of this view, there appears to be no 
experimental evidence to support the theory; such measurements as have been 
made indicate that abnormal weight gain in general cannot be accounted for on 
this basis (Evans, 1942; Newburgh, 1944). In the case of animals with hypo- 
thalamic lesions, however, intestinal digestion and absorption have not been 
measured, and whether or not a greater proportion of the foodstuffs is absorbed 
is unknown. Presumably this is not an important source of extra energy, since 
the obesity of animals upon ad libitum feeding can be attributed to their hyper- 
phagia, and since the abnormal weight gain of pair-fed animals appears to be 
the result of a reduction in locomotor activity or in total heat production or in 
both of these factors (see below). 

2. Spontaneous locomotor activity. Muscular exercise is the second important 
variable factor in physiological energy exchange. If all other factors remained 
constant, the energy surplus leading to hypothalamic obesity theoretically might 
arise solely from a reduction in the animal’s motor output. This possibility may 
be investigated in a laboratory animal such as the rat by means of one or another 
type of “activity” cage. The type most widely used consists of a freely turning, 
circular cage attached to a “counter’’ which records the number of revolutions 
through which the cage turns as the animal walks or runs inside it. With 
activity cages of this design Hetherington and Ranson (1942c) discovered that 
the production of hypothalamic lesions brings about a brief period of extreme 
hyperactivity which usually begins even before the animal has completely 
recovered from the anesthetic used for the operation, and which persists for 
several hours.t Then the hyperactivity gradually ceases, to be replaced by a 
period of inactivity which appears to be a permanent deficit, since it persists for 


* Brobeck, Tepperman and Long (1943a) found that when the rats were given food during 
the period of hyperactivity, many of them would immediately stop moving around the cage 
in order to attack the food which they devoured in large quantities. The ravenous eating 
appeared to be a substitute for the “‘frenzied’’ activity which it replaced, or vice versa. 
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several months or more with only minor fluctuations. Their observations were 
confirmed in the rat by Brooks (1946) and by Brobeck (unpublished), and in a 
general way in the cat by Ingram (1945). Hetherington and Ranson appear to 
have recorded in quantitative terms a phenomenon that had already been qualita- 
tively described as a tendency toward inactivity and somnolence in animals with 
large lesions of the posterior hypothalamus (Ranson and Magoun, 1939). 

There is general agreement, therefore, regarding the effect of hypothalamic 
lesions upon locomotor activity; but there is a division of opinion over the 
significance of this inactivity as a cause of obesity. In the opinion of Hethering- 
ton and Ranson (1942c), the inactivity was a primary source of the surplus energy 
stored as fat by their animals, and the food intake was a factor of minor impor- 
tance. Other workers, however, favor the view that the hyperphagia is the basic 
and most important source of energy imbalance, especially when the animal is fed 
ad libitum, and that the inactivity is, according to Brooks (1946), ‘‘at most, 
merely a contributory cause of obesity,” the effect of which is important only 
under certain conditions (Brobeck, Tepperman and Long, 1943a; Ingram, 1945). 
For example, when the food intake is arbitrarily limited in amount as in paired 
feeding, an inactive animal may store as fat the energy spent in locomotion by 
its more active control animal, and consequently, the former may slightly outgain 
the latter (Brobeck, 1945). This may be one explanation for the results of the 
paired feeding experiments described above where a relatively small number of 
animals were found to gain weight more rapidly than the controls with which 
they were paired. But the following observations suggest that this mechanism is 
ordinarily not an important cause of obesity: 

a. Inactivity by itself does not always lead to obesity (Brooks, 1946). Thus, 
all of the ten male rats studied by Hetherington and Ranson (1942c) were inac- 
tive, but only six became obese, and four of these six ate more food than their 
controls. If inactivity were necessarily related to obesity,all ten animals should 
have gained extra weight. Similarly, Brobeck (unpublished) found that loco- 
motor inactivity of varying degrees occurred in all of twelve male and twelve 
female rats with hypothalamic lesions, yet none of the animals gained extra 
weight so long as they were given only the amount of food given to their controls. 
(The controls had been trained to eat their food as the rats with lesions ate, in a 
short period of time.) Yet when they were given food without limita- 
tion, the majority of the animals with lesions almost immediately began to 
become obese. 6. Although the obese rat does not walk or run much in an activ- 
ity cage, its total energy expenditure for muscular exercise may be elevated above 
the normal level because it must exert more force in moving the fat-laden mem- 
bers of its body during respiration, eating, drinking, etc. Brooks (1946) was led 
to this conclusion by the results of an experiment performed upon rats housed in 
cages where motor activity was recorded upon a kymograph through a system 
connected with rubber tambours upon which the cage was suspended. His 
apparatus recorded all types of activity great enough to disturb the equilibrium 
of the system. With it Brooks observed that the periods of hyperactivity and 
inactivity described by Hetherington and Ranson (1942c) were followed by a 
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period characterized by bouts of hyperactivity that finally became almost con- 
tinuous as the animal became obese. He interpreted this to mean that the tam- 
bours were being compressed by movements too slight to have been recorded 
when the animal was of normal size and weight, and he suggested that “the 
energy requirement for activity obviously increased as the animals became 
obese.”” His interpretation agrees well with Newburgh’s (1944) conclusions 
regarding the energy expenditure of the obese human patient during muscular 
exercise. 

3. Heat production. Finally, the animal with hypothalamic lesions might 
divert into its storage mechanisms energy normally dissipated as heat with the 
result that the obesity would depend upon a reduction in the total heat produc- 
tion. Food would then be utilized at a higher “efficiency,” i.e. , the proportion 
of food energy expended as heat would be depressed and relatively more energy 
would be available for storage. The body temperature would tend to be pro- 
portionately below normal unless a normal temperature could be maintained 
through the activity of the mechanisms of heat conservation, such as pilomotor, 
vasomotor and postural changes which are ordinarily not active at the usual 
laboratory temperatures. This possibility is an interesting one because the 
hypothalamus is known to be largely responsible for the regulation of body 
temperature, even though the rate of heat production has not been shown to be 
under direct hypothalamic control (Clark, Magoun and Ranson, 1939). How- 
ever attractive the hypothesis may be, it cannot account for the obesity of animals 
fed ad libitum because their heat production rises as they gain weight. Estimated 
from their total oxygen consumption under fasting, resting conditions, their 
total heat production may become twice as great as it. was before the hypotha- 
larnic operation (Bruhn and Keller, 1941; Brobeck, Tepperman and Long, 1948a; 
Brooks and Marine, 1946). Yet the animal may continue to gain weight; this 
can only mean that the obesity originates primarily from some source other than 
the conservation of energy which a normal animal spends as heat. The fore- 
going discussion will make it apparent that the energy surplus is for the most 
part a consequence of the hyperphagia. 

Nevertheless, there is evidence which suggests that rats with hypothalamic 
lesions may undergo a diminution in total heat production within the first few 
days after the production of the lesions. Since this diminution shortly becomes 
obliterated by the rise associated with the developing obesity, it can be detected 
only by testing the animals before their weight has changed appreciably, or by 
preventing abnormal weight gain by limiting their food intake (Brooks and 
Marine, 1946). Quantitatively the amount of energy made available for extra 
storage by the reduced heat production is almost insignificant in contrast to the 
huge excess ordinarily taken in as food. Yet the data of Brooks and Marine 
indicate that the rate of heat production may be an important factor in precise 
studies of energy exchange, and may well explain the ability of certain animals to 
outgain their controls during paired feeding (Hetherington and Ranson, 1942¢; 
Brobeck, Tepperman and Long, 1948a; Ingram, 1945). 

How the hypothalamic damage alters the basal heat production is unknown. 
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The observation that the change comes on gradually over a period of days 
(Brooks, 1945c) suggests that it is a secondary phenomenon, dependent upon 
some other more direct effect of the lesions. It may prove to be a result of the 
animal’s disturbed feeding habits. Thus, Brobeck, Tepperman and Long (1943a) 
had previously suggested that the ability of a certain few rats with hypothalamic 
lesions to gain extra weight during paired feeding was a consequence of their 
abnormal feeding habits, or specifically, of the fact that the hyperphagic animals 
ate a normal 24-hour portion of food within one or two hours. If this interpreta- 
tion of the phenomenon is correct, the unusual weight gain should disappear if 
the animals could be induced to eat normally. Unfortunately, it has not been 
possible to devise a method for restoring normal eating habits in these rats. 
Brooks (1945c) was able to approach this goal, however, by conducting paired 
feeding experiments in which the operated animals could not eat their daily 
portion all at once because the food was supplied in small amounts at 4-hour 
intervals throughout the day and night. On this regimen some of the operated 
rats still outgained their controls, but a rather considerable difference between the 
eating habits of the two groups of rats persisted throughout the experiment, 
inasmuch as the operated rats showed strongly developed anticipatory behavior 
when the food was about to be delivered, and promptly consumed each pellet. 
By contrast, the normal rats let their food accumulate until night time, when 
they ate it according to their usual schedule. Brooks’ observations suggest, 
therefore, that the source of the positive energy balance in the pair-fed rat with 
lesions is not to be found in the habit of eating a large amount of food all at once, 
but his experiment does not rule out the possibility that the difference in weight 
gain is derived in some way from the dissimilar eating habits of the two groups of 
animals. This problem has also been approached indirectly by training normal 
rats to eat as quickly as the operated, pair-fed rats do; when the controls are so 
trained, they gain at the same rate as the operated rats with which they are pair 
fed (Brooks, 1945c; Brobeck, unpublished). It seems probable, therefore, that 
the time of eating is an important consideration in the study of energy balance, 
or that the manner in which food is utilized depends to a certain extent upon the 
eating habits of the animal. More definite conclusions must await further 
evidence. 

Intermediary metabolism of foodstuffs in animals with hypothalamic lesions. 
From data now available the intermediary metabolism of foodstuffs in the 
animal with hypothalamic lesions cannot be described with any degree of confi- 
dence. Here may be a potentially profitable field for research. Data hitherto 
reported appear to point to two general conclusions: 1. That the abnormalities 
which may be present have to do with the rates at which chemical reactions 
occur, since the reactions per se are not unusual although the rate at which they 
proceed may be quite different from those of the normal individual. 2. The 
differences appear to be the result of the animals’ abnormal eating habits, or, 
specifically, of their tendency to hyperphagia. 

There appears to be nothing remarkable about the chemical structure of the 
accumulated fat. Hetherington and Weil (1940), who made a limited analysis 
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of the carcasses of two obese rats with purely hypothalamic lesions (as well as of 
two rats with combined hypophysial and hypothalamic lesions), found that the 
surplus body mass was composed almost entirely of fat which had normal iodine 
and saponification numbers. They also determined the total and the relative 
quantities of phosphorus, calcium and iron in the whole carcass and in the 
acetone and in the alcohol fractions, and discovered that the absolute quantity 
of each of the three elements was the same as in normal rats. Expressed in 
percentage of the total weight of the carcass, however, there was an apparent 
depletion of phosphorus and calcium, and possibly also of iron. Hetherington 
and Weil interpreted the percentage changes to be indicative of an ‘‘obviously 
disordered fat metabolism’. Nevertheless another interpretation appears to be 
possible, namely, that except for the surplus fat, the composition of the car- 
casses was normal, since the absolute quantities of phosphorus, calcium and iron 
were within normal limits and since these elements are normally present mainly 
in the non-adipose tissue of the body. The obese carcass is probably composed 
of two fractions, viz., 1, the non-adipose tissues (containing most of the P, 
Ca and Fe) which are of normal size and composition; and 2, the adipose tissue 
which has a normal composition but a tremendously increased total mass. The 
latter tends to “dilute” the former when the concentration of any element 
present mainly in the non-adipose tissues is expressed as a percentage of the 
total body mass. The “depletion” observed by Hetherington and Weil, there- 
fore, may be only an apparent one derived from their method of expressing their 
results, and their data may or may not mean that the intermediary metabolism 
of fat is “‘disordered”’. 

There has been a tendency to suppose that the animals are unable to metabo- 
lize the fat which accumulates in such great quantities, but the available experi- 
mental evidence indicates that this supposition is unjustified. Obese rats and 
monkeys can and do utilize tissue fat when their food supply is inadequate 
(Brooks, Lambert and Bard, 1942; Brobeck, Tepperman and Long, 1943a). 
They may be fasted for long periods of time (as long as 35 days, Brobeck, un- 
published) while they use up their body fat and lose weight at a rate which 
suggests that fat is furnishing most of the energy for their metabolic processes. 
Upon refeeding, obesity may reappear. Further evidence that fat is oxidized 
without difficulty is to be found in the observation that the respiratory quotient 
of the fasting obese rat is within normal limits, between 0.700 and 0.760, well 
within the range associated with fatty acid utilization (Tepperman et al., 1943). 

The intermediary metabolism of dietary carbohydrate, however, is known 
to be altered in animals with hypothalamic hyperphagia, since Tepperman et al. 
(1943) obtained evidence that carbohydrate is transformed to fat at a tremen- 
dously accelerated rate. The evidence was obtained by comparing the respira- 
tory quotient of normal and of operated rats in the fasted state, in the fed state, 
and during the absorption of glucose solution. Fasted, the R.Q. was the same 
in both groups of rats (as noted above), which indicates that both were utilizing 
for energy and heat the same substrate, mainly fatty acids. When normal 
rats were fed or given glucose, the R.Q. rose a little, undoubtedly because some 
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of the carbohydrate was oxidized (R.Q. 1.000) and some was converted to fat 
(R.Q. above 1.000). Under these same conditions, on the other hand, the R.Q. 
of the hyperphagic rats was found to be exceptionally high, well above unity and 
within the range to be expected only if most of the absorbed carbohydrate was 
being converted to fat. Tepperman et al. (1943) concluded that the R.Q. 
change was not a direct result of the hypothalamic damage because they found 
that just after the operation, rats disposed of glucose in the same way as did 
the controls; according to Brooks (1945b) the adaptation gradually appears 
within the first postoperative week, as might be expected if the phenomenon 
arose from the animals’ hyperphagia. Tepperman also discovered that normal 
rats could be induced similarly to convert glucose to fat preferentially if they 
were trained to eat their 24-hour portion of food within a short period of time. 
In some way or other the training process accelerates the rate of the conversion 
reactions, possibly because the adipose tissue constitutes the only depot large 
enough to hold the amount of material which must be stored when the animal 
can eat only once a day. In the opinion of Tepperman et al.: ‘“The studies on 
unoperated animals show that periodic overfeeding of carbohydrate results in 
an increased tendency to convert carbohydrate to fatty acids; the experiments on 
ad libitum fed rats with hypothalamic lesions, some of which ate from two to 
three times aS much as did their controls, demonstrate a similar response to 
stress on the part of the conversion mechanisms. ‘Thus, the tissues of the over- 
nourished animal may be presented with a metabolic mixture of carbohydrate 
and fat that bears little resemblance to the proportionate representation of 
those substances in the normal diet. Schoenheimer and Rittenberg (1935) 
showed that even the normal animal in caloric balance converts some ingested 
carbohydrate to fat, and that the fat depots are by no means inert storage 
places from which an energy source is mobilized only during fasting. The 
present studies suggest that, in the overnourished animal, there may be a marked 
accentuation of the processes described by these authors.’”’ In support of this 
conclusion, Dickerson, Tepperman and Long (1943) found that a high R.Q. 
in the presence of glucose was manifest also in liver slices taken from trained 
animals, and that the liver appeared to be playing an important rdle in the 
carbohydrate-fat conversion process. The reaction, itself, is not abnormal; 
its unusual character in rats with hypothalamic lesions and in trained normal 
rats lies in the unusually rapid rate at which the conversion takes place and in 
the large quantity of carbohydrate being disposed of in this way. 

Tepperman and his colleagues discovered that insulin plays an essential part 
in the reactions which bring about the rise in respiratory quotient observed in 
their animals, and in the light of Drury’s (1941) evidence that insulin promotes 
fat storage, they suggested that relatively large amounts of insulin might be 
needed by animals synthesizing large quantities of fat from carbohydrate. The 
well known association between human obesity and diabetes mellitus (Evans, 
1942) has been advanced as an argument in favor of this hypothesis by Brobeck, 
Tepperman and Long (1943b), who showed that hyperphagia does increase the 
rat’s insulin requirement, since the production of appropriate hypothalamic 
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lesions with resulting hyperphagia provoked a striking glycosuria in previously 
non-diabetic, partially depancreatized rats. When the food intake was restricted 
to the preoperative level, the glycosuria decreased in intensity and eventually 
disappeared. The remnant of islet tissue present in a partially depancreatized 
rat evidently liberates just enough insulin to provide for the metabolism of 
normal amounts of food, and when the food intake is so greatly increased under 
the influence of the diencephalic injury, insulin can no longer be elaborated 
rapidly enough for disposal of all of the carbohydrate; hyperglycemia and glyco- 
suria then develop. The rat whose pancreas has not been surgically reduced 
in size is better able to take care of large quantities of food, but even here a 
latent insulin deficiency may be demonstrated by suitable tests. For instance, 
in the preserc2 of long standing obesity the rat may show impaired glucose 
tolerance as well as occasional, spontaneous glycosuria (Brobeck, Tepperman 
and Long, 1943b). In this connection it is appropriate to recall the report 
of Ranson, Fisher and Ingram (1938) where the authors described an obese 
monkey with diabetes mellitus, although they were not convinced that either 
the obesity or the diabetes arose from the hypothalamic damage they had 
inflicted. More recently, Ruch and Patton (1946) observed another obese 
monkey with unmistakable diabetic tendencies if not frank diabetes mellitus. 
The evidence is reasonably convincing, therefore, that the animal with hypo- 
thalamic lesions may undergo changes in the intermediary metabolism of 
carbohydrate which are the result of habitual overfeeding. 

Origin of the hyperphagia. To recapitulate: Experimental study has shown 
that the obesity of animals with hypothalamic lesions arises primarily from a 
marked increase in food consumption. This increase may be accompanied 
by a decrease in locomotor activity and by a transitory depression of basal 
heat production, neither of which plays any constant, essential rdle in the genesis 
of obesity under ordinary laboratory conditions. Only when the food intake is 
arbitrarily held at a normal level is their relatively small influence upon total 
energy exchange detectable. When the food intake is not limited, the extra 
food eaten by the animal constitutes a relatively large energy surplus which 
the tissues dispose of by storing some of it and by oxidizing the rest to carbon 
dioxide and water. Hence, the obesity and the elevated total oxygen consump- 
tion of the obese animal. Expressed in this way as a problem in thermodynamics, 
the situation appears to be fairly clear—the more the animal eats, the more 
obese it becomes. But expressed in physiological terms as a problem in the 
regulation of energy exchange, the situation is still obscure. The question, 
“Why does the animal with hypothalamic lesions eat so much extra food?” 
immediately raises the questions, ““Why does the normal animal eat food? 
What determines how much it will eat? What changes in the internal environ- 
ment set the animal to eating, and what changes are associated with satiety?” 

Although the evidence appears to be incomplete, hypothalamic obesity may be 
tentatively regarded as a consequence of a particular type of failure in the mech- 
anisms which regulate energy exchange. Normally the food consumption, 
work output and heat production are controlled in such a way as to maintain 
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an equilibrium between energy intake and energy output; as a result, the amount 
of energy stored as fat remains almost constant from day to day and from year 
to year, even though the organism must submit to variations in diet, in work 
and in environmental temperature. The precision with which this equilibrium 
is maintained suggests that there must be some quantitative regulation and 
integration of the variable factors upon which the equilibrium rests, i.e., of food 
intake, work output and heat loss. One can hardly fail to be impressed by the 
profound disturbances in the regulation of each of these factors which have 
been observed to follow appropriate hypothalamic injury. Obesity is one such 
disturbance, the result mainly of a failure of regulation of energy intake; the 
others include the deficiencies of temperature regulation described by Clark, 
Magoun and Ranson (1939) and by Ranson (1940), and the locomotor inactivity 
reported by Hetherington and Ranson (1942c; see above.) That lesions of the 
hypothalamus induce these highly typical deficits seems to indicate that the 
hypothalamus normally participates in the maintenance of the overall energy 
equilibrium, and that the control of food intake, work output and body tem- 
perature may be correlated and integrated within this portion of the dien- 
cephalon. 
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CARBONIC ANHYDRASE IN TISSUES OTHER THAN BLOOD 


HORACE W. DAVENPORT 
Department of Physiology, University of Utah School of Medicine, Salt Lake City, Utah 


The reaction COz + H:O = H:COs proceeds at a finite rate in the absence 
of any catalyst, and the reaction is catalyzed by many anions and inorganic 
compounds of non-enzymatic nature which are present in tissues (84). A 
reaction velocity equation which takes into account the non-enzymatic catal- 
ysis has been described by Roughton, and the numerical values of the several 
constants occurring in the equation are known (82). 

The reaction is also catalyzed by the enzyme, carbonic anhydrase. The en- 
zyme was originally sought for and discovered in the erythrocytes because it 
was shown that the rate of the reaction in the absence of an enzyme is not fast 
enough to account for the known rate of liberation of carbon dioxide in the 
lungs (80, 81). Without carbonic anhydrase the release of the amount of 
carbon dioxide liberated from the blood during one passage through the lungs 
would go to within 90 per cent of equilibrium in about 100 seconds. Since 
erythrocytes spend less than one second in the lung capillaries (83), enzymatic 
catalysis of the reaction is required. 

When the function of carbonic anhydrase in tissues other than blood is being 
considered the fact must always be kept in mind that the rate of the reaction 
uncatalyzed by carbonic anhydrase does have a finite velocity. If the rate of 
reaction required by the metabolic activity of the tissue is not limited by blood 
flow or other mechanical factors the rate of the reaction uncatalyzed by carbonic 
anhydrase may be fast enough. Therefore, it is necessary to demonstrate for 
each tissue in which the enzyme is present that enzymatic catalysis of the re- 
action is actually required. The demonstration of the presence of the enzyme 
in a particular tissue is not proof that the enzyme has an indispensable function 
there. 

Distribution in tissues of warm-blooded animals. It is difficult to compare the 
reported values for the concentration of the enzyme in various tissues, because 
the unit in which the activity of the enzyme is to be expressed has not been 
agreed upon. Important as the exact definition of the unit may be for chemical 
work on the enzyme (58, 60, 86, 87, 88, 89), it is not important for physiological 
work. There is at least one thousand times as much enzyme present in the 
erythrocytes as is needed to furnish the required catalysis of the dehydration of 
carbonic acid in the lungs (81, 82). In most tissues where the enzyme is de- 
finitely known to be present its concentration is probably no less than one-tenth 
and certainly no less than one-thousandth that of the erythrocytes. It is 
probable that there is considerable excess of carbonic anhydrase in tissues other 
than blood. Small differences in concentration between tissues or in various 
parts of a tissue cannot be assigned any functional significance, especially when 
a cellular locus of the enzyme has not been determined. 

The enzyme occurs in very high concentrations in erythrocytes (72, 92). 
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Pure preparations of the enzyme have only 150 times as much activity as the 
erythrocytes when the two are compared on the basis of dry weight (58). The 
enzyme is highly concentrated in the gastric mucosa (34), and it may have a 
higher concentration in the parietal cells of the gastric mucosa than in the eryth- 
rocytes (23, 24). High concentrations are also found in the kidney cortex 
(36), the proventriculus and oviducts of fowls (22), and in the lens and retina 
(8, 9). 

The enzyme occurs in lower but still significant concentrations in brain (1,- 
2,3,4,5,6), liver (1,48), testis (48), pancreas (48), spleen (48), red muscle (48), 
the mucosa of the duodenum, ileum and jejunum (33), the uterus and magnum 
of fowls (22), and saliva (79). The enzyme occurs only in traces if at all in 

_striated muscle (48), heart muscle (48), the choroid and retina of the eye (7), 
the small instestine of fowls (22), and the spinal cord of the hog (2), and the 
adrenal glands (1). 

The enzyme is definitely absent from normal plasma (72), normal urine (72), 
milk (72) and the shells, whites and yolks of unfertilized hens’ eggs (22). It is 
also absent from the sclera of the eye (7), the gallbladder (48), skin (48), lungs 
(48) and thymus (33). 

The presence of the enzyme in several tissues has been disputed. Although 
the enzyme is undoubtedly present in the gastric mucosa (34) and in the kidney 
cortex (36) this has been denied (15). The concentration of the enzyme in 
mammalian peripheral nerve has been reported as “trace”? (48). The reviewer 
finds the concentration to be less than 0.005 of his units per milligram wet weight 
in cat peroneal nerve perfused completely free of blood (33). 

There are large but probably insignificant species variations in the concentra- 
tion of the enzyme. 

Distribution in lower animals. Carbonic anhydrase is present in frog ery- 
throcytes (70), kidneys (33), gastric mucosa (33) and the lens of the eye (7), 
though in much lower concentration than in the corresponding mammalian 
tissues. There is no carbonic anhydrase in frog sciatic nerve perfused free of 
blood (33). The enzyme is present in a very large number of fish and inverte- 
brate tissues, among them the pseudobranchial glands, spleen, gills, stomach, 
pyloric appendices and air bladders of many fish (96), and the gills of many 
crabs, molluscs and echinoderms. It is impossible to summarize here the in- 
vertebrate distribution, and the reader is referred to the original papers for 
details (18,41,42,45,46,62,65,74,96). 

Origin, precursors and fate. Since zinc is a constituent of carbonic anhy- 
drase (57) an adequate dietary supply of the element must be necessary for 
the formation of the enzyme. However, there is no reduction in either the 
enzyme or the zinc content of the blood of rats showing severe symptoms of 
acute zinc deficiency (55). By no means all the zinc in the tissues is contained 
in the carbonic anhydrase (67, 93). It has not been shown that other com- 
ponents of the diet are necessary for carbonic anhydrase formation. An attack 
on the problem of carbonic anhydrase formation using the methods by which 
Whipple and his colleagues have studied the formation of hemoglobin and 
plasma protein would doubtless yield important information. 
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The site of formation of the enzyme is unknown. ‘The carbonic anhydrase 
concentration of the erythrocytes of fetal goats (72) and of premature infants 
(98) is low, and the concentration arises abruptly near term. The appearance 
of the enzyme in the blood should be compared with its appearance in other 
tissues in mammals. In the developing chick the enzyme appears in the lens 
of the eye on the fourth day but not in the blood until the twelfth day (47), sug- 
gesting that the enzyme may be formed independently in each tissue. 

The enzyme present in tissues may differ from that in the erythrocytes (33). 
Between 20 and 40 per cent of the enzyme in aqueous extracts of gastric mucosa 
or kidney is completely uninhibitable by the specific protein inhibitor discovered 
by Booth (17). By precipitation with ammonium or sodium sulfate a fraction 
can be prepared none of whose carbonic anhydrase activity can be inhibited 
by the protein inhibitor and which probably has a higher molecular weight 
than the enzyme from the erythrocytes. When the uninhibitable fraction is 
allowed to stand in buffer solutions it slowly becomes inhibitable. These ob- 
servations suggest that the enzyme as it exists in tissue is closely associated with 
another protein, and they may explain the difficulty which Keilin and Mann 
(58) experienced in their attempt to purify the enzyme from the gastric mucosa. 
The whole question of the origin and nature of the enzyme in tissues should be 
investigated. 

There is no carbonic anhydrase present in plasma as the result of the normal 
breakdown of erythrocytes (72). Even if some of the enzyme were liberated 
by the destruction of erythrocytes there would be no enzyme activity in the 
plasma of those animals whose plasma contains the specific protein inhibitor. 
When large amounts of laked erythrocytes are injected intravenously into dogs, 
the carbonic anhydrase present in the plasma disappears at about the same rate 
as the hemoglobin (30). No carbonic anhydrase appears in normal urine, and 
none has been found in the urine of patients suffering from hemolytic diseases 
(64). However, the enzyme, whose molecular weight is 30,000 (38, 75), can 
pass through the glomerular membrane. When large amounts are injected 
intravenously into dogs previously given sodium bicarbonate the enzyme ap- 
pears in the urine (30), but only a very small percentage of the enzyme disap- 
pearing from the blood can be accounted for by that appearing inthe urine. The 
clearance of the enzyme is always less than four per cent of the simultaneous 
creatinine clearance, and it decreases very sharply with decreasing plasma con- 
centration. This probably does not mean that the enzyme is reabsorbed by the 
tubules to any significant extent but rather that the compound which the enzyme 
forms with the protein inhibitor (a pseudo-globulin) present in dog plasma has a 
molecular weight too high to pass through the glomerular membrane. 

Variations in the enzyme content of the blood in disease throw no light on its 
origin or fate. A slight fall has been reported in tuberculosis and a small rise 
in diabetes (94, 95). No change occurs in rats with implanted tumors (66). 
The maximum deviations from normal reported in a large variety of blood 
disease is only about five-fold (53, 64). Considering the thousand-fold excess 
of enzyme in erythrocytes the variations recorded are not significant, nor are 
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those found in brains of psychotic patients at autopsies (4,5). No observations 
have been made on the possible absence of carbonic anhydrase from the gastric 
mucosa of patients with pernicious anemia, nor have variations in the enzyme 
content of other tissues been studied. | 

Inhibition of carbonic anhydrase. Inhibitors of carbonic anhydrase have been 
used in most of the physiological work on the functions of the enzyme in tissues 
other than blood. The enzyme is inhibited by protein poisons, heavy metals 
and cyanide (72), and other substances, but none is a useful physiological tool. 
The first inhibitor to be used in animal experiments was thiocyanate (25) which 
inhibits gastric acid secretion as well as carbonic anhydrase. On the basis of 
the explicit assumption that the rate at which carbonic acid is formed in the 
acid secreting system is proportional to the fraction of uninhibited carbonic 
anhydrase present it was calculated that the rate of acid secretion is directly 
proportiona: to the rate of carbonic acid formation. The facts and the con- 
clusion are probably correct, but the reasoning is wrong. The assumption, al- 
though apparently reasonable, is false, and since it or similar assumptions under- 
lie much of the speculation on the function of the enzyme it deserves detailed 
analysis. 

The reaction by which thiocyanate and sulfonamide drugs having a free 
sulfonamide group (69) inhibit the enzyme can be expressed as E + J = EI 
(31). E is the free, catalytically active enzyme, I the inhibitor, and EI a ca- 
talytically inactive compound of enzyme and inhibitor. The reaction is almost 
instantaneous and reversible. The mass action expression for the reaction is 
(E) (I — EI)/(EI) = k. Since the molar concentration of inhibitor so far used 
is at least one hundred times the molar enzyme concentration, the equation can 
be reduced to (E)(I)/(EI) = k. The constant for any inhibitor can be deter- 
mined by measurement of the fractional activity of the enzyme at various in- 
hibitor concentrations, and it is independent of the enzyme units and the total 
concentration of the enzyme. It is apparently independent of the substrate 
concentration for the reason that the affinity of the enzyme for its substrate is 
very much greater than its affinity for any known inhibitor. The constant is 
also independent of the source of the enzyme. The constant at 38°C. and pH 
6.8 is about 3.5 X 10-* for thiocyanate (25), about 7.4 X 10~* for sulfanilamide 
(31) and about 1.5 X 107-7 for thiophene-2-sulfonamide (31). 

If the inhibitor concentration is known the fraction of the enzyme inhibited 
can be calculated. It is difficult to determine in cells the relation between the 
fractional inhibition of the enzyme and the fractional inhibition of the catalyzed 
reaction. The reactions are so fast that they cannot be studied under phys- 
iological conditions of temperature and substrate concentrations by ordinary 
methods. To obtain an approximate description of the effect of inhibitors upon 
the catalyzed reaction the rate of carbon dioxide uptake by blood has been 
studied at 0°C. and 15°C. with large substrate changes. The results obtained 
by Keilin and Mann (59) with their ingenious spectrometric method and with 
equally large substrate changes are similar. If less than 97 per cent of the 
enzyme is inhibited the catalyzed reaction is entirely uninhibited, and in order 
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to reduce the rate of the catalyzed reaction by 50 per cent more than 99.5 per 
cent of the enzyme must be inhibited. To reduce the catalyzed rate by 90 
per cent more than 99.8 per cent of the enzyme must be inhibited. These results 
agree with Roughton’s calculation that a great excess of the enzyme exists in 
the erythrocytes. 

The important conclusions are that thiocyanate at a concentration of 0.05 M 
or less cannot be expected to inhibit the catalyzed reaction at all, and that in 
order to attain 90 per cent inhibition of the catalyzed reaction the sulfanilamide 
concentration must be about 0.0073 M (125 mgm. per cent). Thiophene-2- 
sulfonamide will probably produce 90 per cent inhibition at a concentration of 
0.0014 M (25 mgm. per cent). 

The determination of the percentage inhibition of the enzyme in extracts of 
tissues containing enzyme and inhibitor can give no reliable information as to the 
actual inhibition of the enzymes in the original intact tissue. In the absence of 
a direct method for determining the percentage inhibition of the enzyme in 
tissues great caution must be used in evaluating the results of inhibition ex- 
periments. 

Function in the gastric mucosa. Carbonic anhydrase is present in very high 
concentration in the parietal cells of the mammalian gastric mucosa (23, 24). 
All investigators agree that the parietal cells are concerned with the secretion of 
acid, but there is no agreement on the mechanism of acid secretion. Hollander 
(54) and Bull and Gray (21) have ably collected and lucidly criticized most of 
the current theories. The reviewer believes that although the mechanism of 
acid secretion remains a mystery the réle of carbonic acid can be shown to be 
entirely independent of the mechanism postulated for the formation of acid. 

Gray and his colleagues (50, 51) have shown that the juice collected from a 
dog’s gastric pouch under histamine stimulation is made up of two components. 
There is an alkaline, non-parietal secretion which contains 0.133 M chloride, 
0.033 M bicarbonate, 0.155 M sodium, 0.007 M potassium and 0.004 M calcium 
ions. The acid secretion contains 0.166 M chloride, 0.007 M potassium and 
0.159 M hydrogen ions. The acid secretion is in osmotic equilibrium with 
the plasma (44). The water in the gastric secretion appears passively as the 
result of the secretion of the other components of the juice, and no special mech- 
anism need be postulated to account for its presence (27). The chloride ions 
are drawn from the blood as a secondary result of the secretion of hydrogen ions 
in order to satisfy the principle of the electrical neutrality of solutions, for they 
can be largely replaced by bromide ions (35) and to a smaller extent by iodide 
ions (29) while the rate of secretion of acid is unaffected. ‘The presence of po- 
tassium ions has not been experimentally accounted for, but they are not a 
major constituent of the juice. Remaining is the secretion of hydrogen ions to 
be explained, and the reviewer believes that no mechanism yet postulated is 
adequate to account for their secretion. 

No matter by what means the hydrogen ions are secreted the consequences 
of their secretion are the same. In order to form a liter of acid secretion the 
gastric mucosa must withdraw one liter of water, 0.007 mol of potassium and 
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0.166 mol of chloride from the blood, and it must manufacture 0.159 mol of 
hydrogen ions. The difference between 0.166 mol of chloride and 0.007 mol of 
potassium is 0.159 mol chloride ions unaccompanied by positive ions which are 
withdrawn from the blood. In order to satisfy osmotic and ionic relations 
another negative ion must be secreted into the blood to replace the chloride 
ions. All the evidence derived from the study of the ‘alkaline tide” of the 
blood during acid secretion and from the study of arterial-venous differences 
(20, 37, 68) points to the conclusion that the gastric mucosa replaces chloride 
with bicarbonate (28). If the bicarbonate is secreted by the mucosa it must 
be formed by the mucosa. The bicarbonate doubtless comes from carbon dioxide 
produced and hydrated to carbonic acid within the mucosa. In fact only 
negligible amounts of carbon dioxide formed in the mucosa during acid secretion 
can escape hydration within the mucosa, for as Gray has pointed out (49) if only 
one twentieth as much carbon dioxide as bicarbonate passes from the mucosa 
to the blood there would be no alkaline tide. 

Carbonic acid must be formed in amounts exactly equivalent to the amount 
of acid secreted, for the amount of chloride replaced is the amount which ac- 
companies the hydrogen ions into the juice. When the bicarbonate ions pass 
into the blood they leave behind in the mucosa a number of hydrogen ions 
exactly equivalent to those secreted in the juice. These hydrogen ions are the 
source of hydrogen ions secreted. The reviewer wishes it to be particularly 
clear that he is not suggesting that the hydrogen ions of the juice are those 
immediately derived from the ionization of carbonic acid (23). The true first 
ionization constant of carbonic acid is about 3 X 107‘ at 38°C. (82). The bicar- 
bonate concentration in the cells cannot be much higher than that in the venous 
plasma. ‘Therefore if the acidity of the juice were to be reached by mass action 
the activity of carbonic acid in the cells would have to be about 14 M. How- 
ever, the mechanism secreting hydrogen ions must use hydrogen ions. By 
secreting hydrogen ions into the juice the parietal cells would have an internal 
deficit of hydrogen ions. This deficit is exactly filled by the hydrogen ions 
coming from the jonization of carbonic acid. 

The concentration of chloride in dog blood is about 0.096 M per kgm. water 
(61). If one liter of acid secretion is formed from n liters of arterial blood the 
concentration of chloride in venous blood will be (0.096 n — 0.166)/(n — 1) 
mol per kgm. water. The A-V difference will be 0.070/(n — 1) mol per kgm. 
water. Since 0.159 mol of bicarbonate passes into the blood for every liter 
of acid juice secreted, the bicarbonate A-V difference will be —0.159/n — 1. 
The ratio A (HCO;-)/A(CI-) will be —2.27. The seemingly paradoxical con- 
clusion is reached that although ionic equivalence is satisfied the bicarbonate 
concentration of the venous blood rises more than the chloride concentration 
decreases. This conclusion has been experimentally verified (63). The changes 
in concentration will be distributed between the plasma and the erythrocytes on 
the basis of the well known equations defining the equilibrium conditions of 
blood. It can be shown that the decrease in plasma and cell chloride and the 
increase in plasma and cell bicarbonate will be proportional to the concentration 
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initially present. The same is true of the water removed to form the secretion. 
As the result of the increase of bicarbonate concentration the blood pH will rise. 
The rise in pH, removing hemoglobin still further from its isoelectric point, 
will cause the hemoglobin to be more negatively charged. There will follow a 
secondary decrease in the cell chloride caused by migration of chloride ions to 
the plasma. The result will be that the chloride secretion in the gastric juice 
will appear to come almost exclusively from the erythrocytes (68). 

The foregoing argument shows that the formation of bicarbonate in the 
gastric mucosa is a necessary part of the secretion of acid. It does not show that 
carbonic anhydrase is necessary. In the present incomplete state of knowledge 
of the concentrations of the reactants within the parietal cell it is impossible to 
calculate exactly the rate of the uncatalyzed formation of carbonic acid, but 
rough calculations show that the uncatalyzed rate may provide enough carbonic 
acid. Rats of average weight of 160 grams have an acid secreting mucosa 
weighing 500 mgm. (33). The average carbonic anhydrase concentration in the 
mucosa is 2.2 E per mgm., or there is a total of 1100 E per whole mucosa. There 
is about 17 E per cmm.°-of parietal cells (23). The whole mucosa therefore con- 
tains about 65 cmm. of parietal cells. Assuming no catalysis by buffer ions and 
no back reaction, the uncatalyzed rate of the hydration of carbon dioxide at 
38°C. is 0.13 (COz) mols per liter per second (82). The concentration of carbon 
dioxide in parietal cells is probably not much over 0.001 mols per liter. The 
minimum uncatalyzed rate of hydration is 0.13 X 10-* mols per liter per second, 
or about 3 X 10-5 mols per total volume of parietal cells per hour. The average 
rate of gastric secretion is not over 0.2 ml. per hour per 100 grams of rat or 0.32 
ml. per hour per total volume of parietal cells (92). The hydrogen ion con- 
centration in this juice is not over 0.15 mol per liter. Therefore, the rate of 
acid secretion is not over 5 X 10-* mols per hour. This is of the same order of 
magnitude as the rate of the uncatalyzed reaction. Considering the uncertainty 
of the assumptions, it can be tentatively concluded that if carbonic anhydrase 
is necessary Only a small portion of the enzyme actually present is required. In 
animals such as the frog which secrete acid at a lower temperature there may be 
a greater difference between the rate of the uncatalyzed reaction and the rate 
of acid secretion, for the temperature coefficient of the rate of the uncatalyzed 
reaction is large (82). 

The experimental test fails to demonstrate the necessity for carbonic an- 
hydrase. As stated above, the original claim that the inhibition of gastric acid 
secretion by thiocyanate is the result of the inhibition of carbonic anhydrase is 
wrong (25). Feldberg, Keilin and Mann (40) were unable to inhibit acid se- 
cretion in cats with sulfanilamide, and similar experiments using dogs failed to 
show an unequivocal inhibition (26). Thiophene-2-sulfonamide in a concen- 
tration of 25 mgm. per cent, enough to inhibit most of the carbonic anhydrase in 
the gastric mucosa, does not inhibit acid secretion in cats (33). It therefore 
appears that enough, or almost enough, carbonic acid is supplied by the un- 
catalyzed fraction to allow the secretion of acid to be unimpaired by the in- 
hibition of the enzyme. 
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It should be pointed out that the carbonic acid system does not oceupy a 
central position in the acid secreting mechanism. The function of the system 
is to satisfy the osmotic and ionic requirements imposed by the fact of the se- 
cretion of acid. Even if more refined or decisive experiments do show that 
carbonic anhydrase is necessary for the functioning of the system the secretion 
of acid will not be explained. 

Carbonic anhydrase is present in cells of surface epithelium and in some 
pyloric cells (23). These cells secrete an alkaline juice (43), and the enzyme 
may be a part of the secreting mechanism. There has been no work on the 
subject. 

Function in the nervous system. Ashby (1, 2, 3, 4, 5, 6) has shown that car- 
bonic anhydrase is present in the nervous system of various species in patterns 
which tend to be peculiar to the species. There is usually a progressive rostral 
increase in the carbonic anhydrase content of the tissue, and the enzyme can be 
present in both white and grey matter. Her original papers must be consulted 
for details of the distribution. Considering the large variations in the distri- 
bution of the enzyme from one part of the nervous system to the other and from 
species to species, the reviewer believes that speculation on the function of the 
enzyme in the nervous system should not. be entertained until the cellular locus 
of the enzyme is determined. 

The small amount of work on carbonic anhydrase in the nervous system has 
failed to demonstrate the necessity for the enzyme. As Ashby points out the 
complete or almost complete absence of the enzyme from the spinal cord of 
hogs shows that carbonic anhydrase is not necessary for conduction of the 
nervous impulse or synaptic transmission at the lowest levels. This conclusion 
is supported by the observations (32) that the excitability of cat peripheral 
nerve, the rate of conduction of the impulse and the recovery of excitability 
are utterly unaffected by the presence of sufficient thiophene-2-sulfonamide to 
inhibit carbonic anhydrase by more than 99.9 per cent. Spinal reflexes in the 
cat and five different types of electrical activity of the rabbit’s cortex are like- 
wise unaffected by similar amounts of the drug. The conclusiveness of these 
observations is impaired by the fact that it has been impossible to demonstrate 
that the enzyme is actually inhibited in the tissues by the percentage calculated 
from the inhibition constant. 

The claim (91) has been made that the action of sulfanilamide upon the resting 
potential of frog sciatic nerve under several experimental conditions is evidence 
that the reaction catalyzed by carbonic anhydrase has an important réle in 
maintaining a polarized state of the axon. The complete absence of carbonic 
anhydrase from frog sciatic nerve deprives the argument of much of its cogency. 

Function in the pancreas. The pancreas forms two distinct external secretions. 
One is the viscid secretion, elicited by pancreozymin and the vagal impulses, 
which contains the digestive enzymes. It has never been suggested that car- 
bonic anbydrase is concerned with the formation of this juice. The other se- 
cretion is the alkaline juice elicited by secretin. It contains little or no enzyme 
activity, and it is isotonic with the blood (9, 10). The concentrations of sodium 











568 HORACE W. DAVENPORT 


and potassium are similar to the concentrations of these ions in plasma, and 
experimental variations in the concentration of the ions in the plasma are re- 
flected promptly and quantitatively in the pancreatic juice (56). These obser- 
vations suggest that the pancreatic cells, unlike most other cells, are completely 
and freely permeable to these ions and that no special mechanism need be 
postulated to explain their secretion in the juice. The concentrations of calcium, 
magnesium and phosphate ions in the juice are lower than the respective con- 
centrations in the plasma, and these ions appear to filter through the pancreatic 
tissue with difficulty (10). The anions of the juice are almost exclusively chlo- 
ride and bicarbonate ions (9). The proportion of the two anions varies with 
the rate of secretion of the juice, the bicarbonate concentration becoming higher 
and the chloride concentration lower as the rate of secretion increases. At 
maximum rates of secretion the bicarbonate concentration in the juice is about 
five times the chloride concentration, the ratio of the anions being just the 
reverse of that in plasma. The secretion of chloride and bicarbonate must be 
accounted for in any theory of mechanism of pancreatic secretion, and con- 
ceivably carbonic anhydrase could be a part of the mechanism. 

The question of whether carbonic anhydrase is a part of the mechanism de- 
pends upon the answer to the question concerning the origin of the bicarbonate 
in the juice. On one hand it can be postulated that carbon dioxide derived 
from the metabolism of the pancreatic cells is hydrated to carbonic acid with 
the aid of carbonic anhydrase. The carbonic acid upon ionization could furnish 
the bicarbonate of the juice. On the other hand the bicarbonate secreted by 
the gland could be derived entirely from the plasma, the cells of the gland merely 
effecting the transfer of the ions from the plasma to the juice. 

The elegant and laborious experiments of Still and his colleagues (99) showed 
that there is invariably a decreased A-V carbon dioxide difference when the 
gland first begins to secrete under the stimulus of secretin. In fact, the carbon 
dioxide in the venous blood may at first be lower than that in the arterial blood. 
As secretion continues the A-V difference increases. These observations suggest 
that at first part of the bicarbonate of the juice comes from the blood and part 
from metabolic activity of the gland. Later, as the metabolism of the gland 
increases, the increased production of carbon dioxide by the gland is more than 
enough to supply that secreted in the juice. Ball and his colleagues (11), how- 
ever, believe that all the bicarbonate in the juice is derived from the plasma. 
They injected bicarbonate containing radioactive carbon into the blood of 
dogs while collecting the pancreatic juice. They found that the ratio of radio- 
activity in the pancreatic juice to that in the plasma was almost exactly equal 
to the ratio of the bicarbonate concentrations in the two fluids although the 
latter ratio was as high as five to one. This result, they believe, proves that the 
bicarbonate of juice is derived mainly from the plasma and no more than 20 
per cent of the bicarbonate in the juice is derived from the metabolic activity 
of the gland. Although there is a remote possibility that the rate of exchange 
of the radioactive bicarbonate of the plasma with non-radioactive bicarbonate 
formed within the gland is sufficiently fast to account for the results, the con- 
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clusion must stand until it is disproved. On the basis of these and other ob- 
servations Ball and his colleagues have presented a theory of the mechanism of 
pancreatic secretion. This theory is that the pancreatic cells are differentially 
permeable to the ionic constituents of plasma. When the pancreas is stimu- 
lated to secrete, sodium, potassium, and bicarbonate ions along with the water 
can freely pass through the cells to enter the pancreatic ducts. The chloride 
ions cannot pass across the cell membranes as rapidly as the other ions and 
consequently, in order to maintain electro-neutrality, the bicarbonate ion re- 
places part of the chloride ion in the juice. 

This theory is admittedly incomplete. It has several implications which are 
difficult to accept, one of which is that the only source of energy for the secretion 
can be the capillary blood pressure in the gland, and it fails to account for the 
large increase in metabolism occurring during secretion. Nevertheless, it is 
the only current theory of the mechanism of pancreatic secretion, and it leaves 
no room for carbonic anhydrase. That carbonic anhydrase probably has no 
function in the gland is established by the complete failure of sulfanilamide in 
very high concentrations to inhibit the secretion of pancreatic juice or to affect 
the concentration of its constituents (100). This negative result, however, does 
not constitute proof of Ball’s theory, for the uncatalyzed reaction may be fast 
enough to supply all the bicarbonate necessary if bicarbonate is formed within 
the pancreatic cells. 

The effect of thiophene-2-sulfonamide on the secretion of the pancreas has not 
been tested. Much work remains to be done on the mechanism of pancreatic 
secretion. 

Function in the kidney. The brilliant and definitive work of Pitts and his 
colleagues (76, 77, 78) has entirely revised our concepts of the means by which 
the kidney forms acid urine. Pitts has shown that the two older theories of 
the mechanism of the formation of acid urine, the bicarbonate reabsorption 
and the phosphate reabsorption theories (90) can account at best for only small 
fractions of the maximal titratable acidity of the urine. The reabsorption of 
all the bicarbonate presented to the tubules can produce only 24 per cent of the 
maximum titratable acidity of the urine, and the reabsorption of all the alkaline 
phosphate can produce only 9 per cent of the titratable acidity. In addition, 
Pitts has shown that the rate of reabsorption of phosphate is entirely independent 
of the acid-base pattern of the blood and urine, and therefore the differential 
reabsorption of alkaline phosphate is not an acidifying mechanism. The only 
means by which the tubules can form acid urine is to secrete hydrogen ions into 
the tubular fluid. There is no direct evidence concerning the mechanism of 
acid secretion by the tubules. Pitts (76, 78) has suggested that the tubules 
exchange hydrogen ions formed within the tubular cells for sodium ions from 
the tubular fluid. There is an alternative possibility that the cells of one section 
of the tubules secrete hydrochloric acid while a lower section reabsorbs sodium 
and chloride ions. The first suggestion has the advantage of simplicity and the 
economy of hypothesis, but no experimental test has yet been devised to distin- 
guish between the two. 
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Carbonic anhydrase is probably a part of whatever mechanism forms acid 
urine. The enzyme is present in the kidney cortex and absent from the medulla 
(36). Since the distal tubules which probably form the acid (73) are in the 
cortex, the enzyme may be in these tubules, but this has not been established. 
It is important that the cellular locus of the enzyme be determined. The first 
experimental work on the function of the enzyme in the kidney was done by 
Hober (52) who showed that acid production by perfused frog kidneys can be 
completely and reversibly inhibited by adequate concentrations of a number of 
sulfonamide drugs having free sulfonamide groups capable of inhibiting carbonic 
anhydrase. Irreversible inhibition of acid secretion by one of the drugs he 
employed has not been explained. Related sulfonamide drugs not having 
sulfonamide groups and incapable of inhibiting carbonic anhydrase have no 
effect on the formation of acid urine by the frog kidney. Similar results were 
obtained in acidotic rats in which it was shown that thiophene-2-sulfonamide 
injected in a dose sufficient to inhibit a large fraction of the carbonic anhydrase 
resulted in a transitory production of alkaline urine while the injection of the 
same amount of sulfanilamide but in a dose too low to inhibit carbonic anhydrase 
had no effect (33). Pitts (78) has shown that very high blood levels of 
sulfanilamide in dogs adequately studied by clearance methods reduce the 
titratable acidity of the urine. However, Pitts has been unable to inhibit all of 
the acid production with sulfanilamide. This might be accounted for by the 
facts, discussed in detail above, that sulfanilamide at even the highest doses 
does not completely inhibit carbonic anhydrase and that the uncatalyzed re- 
action at the temperature of the mammalian body may provide a significant 
fraction of the carbonic acid required by the kidney tubule. 

The early observations (71) that large doses of sulfanilamide result in the 
production of an alkaline urine and that they disturb the acid-base pattern of 
the body (12) are explained by the effect of the drug on the carbonic anhydrase 
of the kidney. 

One may speculate that the mechanism forming acid in the kidney is the same 
as that forming acid in the stomach. If this be true, the réle of the carbonic 
acid system in the kidney may be the same as that in the stomach, namely, to 
provide an endogenous source of hydrogen and bicarbonate ions which can sat- 
isfy the ionic and osmotic requirements imposed by the necessity of secreting 
acid. The need for carbonic anhydrase in the kidney and not in the stomach 
may be explained by the facts that the kidney can secrete acid at a higher rate 
than can the stomach and that in the kidney as in the lungs the rate of flow of a 
fluid through a tube sets a time limit within which the required series of re- 
actions must occur. 

Functions in other tissues. The carbonic anhydrase present in the oviducts 
of hens (22) appears to have a function in the formation of egg shells. The 
eggs of hens to which sulfanilamide has been fed have soft shells almost com- 
pletely devoid of calcium carbonate (13). The formation of the hard shells 
of eggs may well depend upon the precipitation of calcium carbonate as the re- 
sult of a high local concentration of bicarbonate ions resulting from the ionization 
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of carbonic acid which in turn depends upon the presence of sufficient carbonic 
anhydrase. 

The fetuses of pregnant rats fed large doses of sulfanilamide or sulfapyridine 
show gross defects in calcification of the bones (14). There must be a cause 
other than the inhibition of carbonic anhydrase, for sulfapyridine is not an 
inhibitor of the enzyme. Both drugs inhibit bone phosphatases (16), and such 
inhibition is the most likely cause of the defects. 

No experimental work has been done on the functions of carbonic anhydrase 
in fish and invertebrates. The enzyme may be a part of the several secretory 
mechanisms which maintain osmotic equilibrium and the ionic pattern of blood 
in these animals, and some interesting results may be anticipated if work is 
done on this subject. 


CONCLUSIONS 


Carbonic anhydrase has been shown to play an important and essential réle in 
erythrocytes, the kidney tubules and the shell-forming organs of birds. Despite 
serious attempts it has not been possible to demonstrate the necessity for the 
enzyme in the gastric mucosa, the pancreas and the nervous system. It may 
have an important function in other tissues, particularly those of lower animals, 
but no experimental evidence has been obtained. Much work remains to be 
done on the functions of the enzyme. 

The reviewer believes that future workers on the functions of the enzyme 
might profitably be guided by the mistakes of previous workers. ‘These mistakes, 
of which the reviewer has contributed his share, have seldom been mistakes of 
fact but rather mistakes of premature speculation based on incorrect assumptions. 

The reviewer believes that the excesses of speculation and the bitterness of 
much polemical literature could be avoided if several rules were kept in mind. 
These rules are 1, an enzyme only speeds the rate at which a reaction attains 
equilibrium and has no effect. on the equilibrium; 2, whether an enzyme actually 
catalyzes a reaction depends on the presence and concentration of its substrate 
as well as on the presence of the enzyme; 3, the concentration of an enzyme in a 
particular cell or part of a cell is not evidence for the relative importance of the 
reaction the enzyme catalyzes; and 4, the amount that a catalyzed reaction is 
reduced by inhibition or destruction of an enzyme is not necessarily proportional 
to the degree of inhibition or destruction of the enzyme. These rules have fre- 
quently been forgotten in research on carbonic anhydrase; if they can be remem- 
bered by future workers much of the apparently fruitless work on carbonic 
anhydrase will have served a purpose. 
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The past ten years have witnessed the isolation of six hormones from anterior 
pituitary tissue. Each of these has been prepared in a pure or a relatively pure 
form. Although there may exist in the secretion of the anterior pituitary addi- 
tional hormonal principles whose physiological effects are as yet undescribed, the 
specific chemical substances which have been isolated account for most of the 
recognized hormonal réles assigned to the anterior pituitary. The elucidation of 
these hormonal functions has come from observations of 1, the physiological 
effects of extirpation of the anterior pituitary gland; 2, the ameliorative effects 
resulting from injection of anterior pituitary tissue extracts into hypophysecto- 
mized animals; 3, the results produced by injections of excess of the gland’s 
secretions, in the form of extracts, into the normal animal. 

The application of these methods of research has disclosed the diverse types of 
physiological activity which are under hormonal control of the anterior pituitary 
gland. The isolation of six individual chemical substances has been a develop- 
ment of the physiological studies, and it has been demonstrated that each of the 
isolated products will restore in the hypophysectomized animal at least one of the 
physiological processes whose rate was greatly retarded as a consequence of 
hypophysectomy. It is true that some of the effects produced by crude pituitary 
gland extracts, e.g., the so-called diabetogenic and glycostatic actions, have not 
as yet been reproduced with any one of the highly purified products. However, 
earlier studies with partially purified growth hormone suggested that this 
principle may be the regulator of processes responsible for the diabetogenic (122) 
and glycostatic (79) phenomena. The restoration of a hypophysectomized 
animal to physiological normalcy by administration of suitable quantities of each 
of the six purified hormones has not yet been described. Until this is done, it is 
not possible to state unequivocally whether the six isolated principles represent 
the total number of hormones normally produced by the anterior pituitary gland, 
or whether some as yet unrecognized anterior pituitary hormone remains to be 
defined in physiological and chemical terms. 

The anterior pituitary hormones which have been isolated in purified form are 
indicated below, and are given the name most commonly applied to each of these 
substances in the literature. In parentheses are indicated some of the diverse 
names which have been used by various investigators to describe these anterior 
pituitary principles: | 

1. The lactogenic hormone (prolactin, galactin, mammotropin). This hormone 
initiates the secretion of milk in the mammary gland which has previously 
hypertrophied as a result of increased circulating estrogen. Prolactin also 
influences the functional activity of the corpora lutea, and may have a synergistic 
effect with estrogens on mammary gland development. 
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2. The adrenotrophic hormone (adrenotropic hormone, adrenotrophin, adreno- 
tropin, adrenocorticophin, adrenocorticotropin, corticotropin). This hormone 
exerts a trophic influence on the adrenal cortex, stimulating the secretion and 
growth of this endocrine gland. 

3. The growth hormone which controls the rate of skeletal growth and gain in 
body weight. Acceleration of processes concerned with normal growth is seen 
when excessive amounts of this hormone are administered to the normal organism 
and results in enlarged skeletal structures and excessive weight increments. 

4. The thyrotrophic hormone (thyrotropic hormone, thyrotrophin, thyrotropin, 
which exerts a normal trophic influence on the thyroid gland. Administration 
of the hormone causes disappearance of the thyroid colloid; the thyroid epithel- 
ium becomes hyperplastic, alveolar cavities collapse and mitotic figures appear 
in large numbers in the thyroid gland. 

5. The follicle-stimulating hormone (FSH, gametogenic hormone, gametokinetic 
hormone, thylakentrin, prolan A, gonadotrophin I). This principle causes the 
growth of Graafian follicles preparatory to the release of ova, and stimulates the 
sperm-forming tissues of the testes. 

6. The luteinizing hormone (LH, interstitial cell-stimulating hormone, ICSH, 
metakentrin, prolan B, gonadotrophin IT). This hormone causes the formation 
of corpora lutea from preformed Graafin follicles, and stimulates the interstitial 
cells of the ovaries or testes. 

The discussion which follows will deal chiefly with the preparation, isolation, 
and chemistry of the anterior pituitary hormones. In order to characterize the 
degree of purification achieved by various fractionation procedures, and to evalu- 
ate the concentration of physiological activity effected, it will be necessary to 
describe briefly the bioassay methods most commonly used in purification 
studies of each of the hormones. In referring to certain of the pituitary princi- 
ples, the endings -trophic or -trophin, rather than -tropic and -tropin, respect- 
ively, have been used in this review. The reasons for this choice have been 
carefully considered by Corner (39) and accepted by the Association for the 
Study of Internal Secretions. 

The earlier efforts to extract and concentrate the active pituitary principles 
have been adequately described by Van Dyke (162). It will be the purpose of 
this review to present for each of the pituitary hormones a brief description of 
the principal methods of bioassay, the more important contributions to the 
problem of purification and isolation, an outline of the methods by which isola- 
tion of a highly purified preparation has been achieved, and the data obtained 
from physical and chemical studies of the final products. 

The problems relating to the chemistry of anterior pituitary hormones are 
essentially problems of protein chemistry, since each of the purified hormonal 
principles appears to be a protein. The methods of fractionation, isolation and 
characterization of these hormones are, therefore, the methods of protein re- 
searches. Moreover, at this time it may be concluded that each of the active 
products is not an artifact or split product of a “macromolecule” of which each 
hormone might be a component portion. This view is supported by the isola- 
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tion of identical protein hormones by use of different methods of fractionation in 
various laboratories, and by the physiological evidence of variations in the rate 
and the control of secretion of the individual hormones of the anterior pituitary 
gland. 

The Lactogenic Hormone. ‘The capacity of extracts of the anterior pituitary 
gland to initiate and maintain lactation was first demonstrated by Stricker and 
Grueter (158) in 1928. These observations have been confirmed and extended 
by numerous investigators, and the data have also been reproduced with highly 
purified preparations of lactogenic hormone (66, 134, 137, 160). 

Methods of assay. The methods of assay generally employed for the lacto- 
genic hormone may be classified into two groups: 1, lactation or mammary gland 
methods, based upon the ability of prolactin to initiate lactation in the estrogen- 
stimulated mammary gland of the hypophysectomized animal, and 2, crop-sac 
or crop-gland methods. The latter are based upon the observation made in 
Riddle’s laboratory (137) that when extracts containing the lactogenic hormone 
are administered intramuscularly to young pigeons, there occurs a proliferative 
hypertrophy of the crop-sacs. This hypertrophy may be limited experimentally 
to only a small area of crop-sac in the pigeon by injecting small doses intrader- 
mally directly into the skin overlying the gland (121). The portion of the crop- 
sac stimulated by the intracutaneous technique is that directly under the site of 
injection. This method has a high degree of sensitivity, approximately one- 
thousand times that of the intramuscular assay (117, 118), and is therefore useful 
for detecting small quantities of prolactin. However, when adequate quantities 
of the lactogenic hormone are available for assay, the intramuscular injection 
method has been used since it appears to give more reliable and reproducible 
results (11, 66, 67, 118, 119, 137, 165). 

Extraction and purification of prolactin. ‘The relative stability of the lactogenic 
hormone to chemical reagents has made it possible to extract this principle from 
anterior pituitary gland tissue by a variety of procedures. These methods have 
been applied either to minced, fresh pituitary tissue or to acetone-desiccated 
pituitary glands. Three types of extraction media have been employed: 1, 
aqueous, or aqueous-alcohol, alkaline extraction; 2, aqueous, or aqueous-ace- 
tone, acid extraction; and 3, chloroform extraction. Beef and sheep pituitary 
glands have been most extensively used for the preparation of prolactin. There 
are few data on prolactin from the pituitaries of other species. 

Bergman and Turner (17) made a careful study of four methods frequently 
employed for the extraction of the lactogenic hormone. These methods differed 
in their initial extraction procedure. One employed aqueous, alkaline extraction 
at low temperatures (74); a second was an acid, aqueous acetone procedure (120); 
the third involved extraction with glacial acetic acid (131), and the fourth used 
alkaline, aqueous alcohol (13). It was found that an alkaline 60 to 70 per cent 
ethanol extraction procedure was superior as judged by both total yield of pro- 
lactin and physiological activity per milligram of extracted solids. 

Extraction of pituitary tissue with alkaline solvents, however, removes not 
only more of the lactogenic hormone but also of other pituitary proteins, in- 
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cluding other hormones and non-hormonal proteins. Therefore, while an alkaline 
extract is exceedingly useful as a means of obtaining a rather complete mixture 
of the pituitary hormones, the presence of all the active principles makes more 
difficult the separation in pure form of a particular protein hormone. This 
difficulty is circumvented in either the acid or the chloroform extraction methods. 

Extraction of prolactin by acid solvents was suggested in 1933 by Lyons and 
Catchpole (120), who used acid acetone. Two years later, glacial acetic acid 
was employed by McShan and Turner (131). The acid-acetone technique has 
been used by many investigators, since it yields an extract containing significant 
quantities of prolactin which is relatively free of other pituitary proteins. One 
major contaminant is the adrenotrophic hormone from which separation is 
readily effected. Thus the same extraction procedure is useful as an initial step 
in the isolation of adrenotrophin. Minced fresh pituitary tissue (either anterior 
lobes or whole glands) is extracted with approximately 60 to 80 per cent acetone 
which has been acidified with concentrated hydrochloric acid. The final pH of 
the tissue-solvent mixture is between 1.0 and 2.0. Removal of the tissue and 
raising the acetone concentration of the extract to approximately 90 to 92 per 
cent results in the precipitation of the crude prolactin. The procedure was 
originally described briefly by Lyons and Catchople (120) and by Lyons (117) 
and has since been presented in detail (111, 118, 165, 167). 

Purification of the crude prolactin may be achieved in several ways. Extrac- 
tion with water separates the water soluble hydrochloride of the hormone from 
an insoluble residue (165, 167). Addition of acetone to 92 per cent concentration 
precipitates the prolactin. At this stage the product is a mixture of several 
proteins. One is prolactin; a second protein is the adrenotrophic hormone, 
another is a protein insoluble at pH 6.6, and a fourth component is a protein 
which is very soluble over the entire pH range. Solution of the crude prolactin 
at pH 8.0, and adjustment to pH 6.6 in the presence of 0.05 saturation with 
ammonium sulfate removes the pH 6.6 insoluble protein. From the supernatant, 
purified prolactin may be obtained by adjustment to pH 5.4. Further purifica- 
tion is obtained by repetition of this fractionation procedure. This method of 
purification (165, 167) yields a product of maximum physiological activity and 
with physical and chemical properties similar to those found for crystalline 
prolactin preparations (165, 167) and for purified, amorphous products (111, 118). 

Satisfactory purification of crude prolactin has also been achieved (111) by 
taking advantage of the differences in solubility between the lactogenic and 
adrenotrophic hormones at pH 3.0 in the presence of 0.36 molar sodium chloride. 
Under these conditions, the lactogenic hormone is precipitated, whereas adreno- 
trophin remains in solution. Further purification of prolactin is achieved by 
precipitation at its isoelectric point (pH 5.7) and repetition of the pH 3.0— 
sodium chloride procedure. 

Lactogenic preparations with maximum potency have also been obtained 
by purification of extracts initially made by extraction of fresh, ground pituitaries 
with chloroform (144). This procedure was developed in an attempt to cireum- 
vent the troublesome overlapping of hormone fractions encountered in other 
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methods, thus making more difficult the preparation of the hormones in pure 
form. The chloroform technique offered the possibility of fractionating the 
starting material in such a way that a preparation of several hormones from one 
batch of glands might be readily achieved. Sevag (145) had successfully used 
chloroform precipitation of proteins from aqueous solution in the purification of 
polysaccharides. When ground, whole pituitaries were shaken with chloroform 
at a pH of 5 to 6 and the mixture subsequently centrifuged, three distinct layers 
were formed. The lowest consisted of chloroform, in which most of the lipid 
substances of the tissue were present. The layer above the chloroform was a gel 
which contained the bulk of the tissue proteins, together with prolactin and 
adrenotrophic hormone. In the top clear aqueous solution were found 
thyrotrophin, gonadotrophins, pituitrin, and other easily soluble substances. 
The lactogenic hormone was obtained from the chloroform gel by extraction with 
acid methanol and fractionation with sodium chloride. The yield of purified 
prolactin was approximately ten times that obtained by previously described 
techniques. 

From highly purified prolactin preparations, a crystalline protein has been 
obtained (165, 167, 168) with properties indistinguishable from those of the 
amorphous preparations of the hormone. The procedures described for the 
crystallization of the protein are apparently not satisfactory since they have not 
been uniformly reproducible. Although crystallization of prolactin has been 
accomplished in one laboratory (143), lack of success has been reported in 
another (12). Further careful study should lead to a more satisfactory method 
of preparing not only crystalline prolactin, but certain other of the anterior 
pituitary hormones in crystalline form. While crystallinity is not in itself an 
adequate criterion of purity of a protein, crystallization techniques are often 
useful as an aid in achieving further purification of proteins. 

Properties of prolactin. Preparations of prolactin from both beef and sheep 
glands have been described which satisfactorily meet the criteria at present 
available for estimating the degree of purity of proteins (148). The most 
exacting of these criteria are electrophoretic and ultracentrifugal homogeneity, 
and satisfactory accord with the Gibbs phase rule in solubility behavior. 

The electrophoretic behavior of purified prolactin preparations from both 
sheep and beef pituitary glands has been studied by Li, Lyons and Evans (99, 
100) and by Li, Simpson and Evans (111). The electrophoretic properties of 
crystalline prolactin from beef pituitary glands have been examined in the 
Tiselius apparatus by Shipley, Stern and White (150) and by White, Bonsnes 
and Long (167). The crystalline preparation has also been studied by the 
cataphoretic technique (167) based upon measurement of the electrophoretic 
mobility of microscopically visible quartz particles coated with an absorbed 
layer of protein. The data obtained show that the lactogenic products from 
beef and sheep pituitary glands are indistinguishable in their electrophoretic 
behavior and have an isoelectric point at pH 5.7. However, a difference has 
been observed (100, 102) in the solubility behavior of prolactin prepared from 
beef glands as compared to the product obtained from sheep tissues, since, at 
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the same pH and salt concentration, the beef lactogenic hormone was less soluble 
than the preparation from sheep glands. Indeed, it was reported that if solid 
sheep hormone was added to a saturated solution of the beef hormone, the former 
went into solution. The greater insolubility of beef prolactin was attributed in 
part to its higher tyrosine content since the beef lactogenic product contained 
5.7 per cent tyrosine whereas the sheep product has 4.5 per cent of this amino 
acid (104). Fleischer (65) has studied the solubility of prolactin in organic 
solvents and shown that at a pH below its isoelectric point the hormone is highly 
soluble in 99.8 per cent methanol and in 95 per cent ethanol. 

At the present time there is some difference of opinion regarding the molecular 
weight of the lactogenic hormone. This difference apparently does not depend 
on the species from which the hormone was prepared. White, Bonsnes and Long 
(167) found a sedimentation constant of 2.85 for prolactin. Assuming a spherical 
shape for the molecule, this sedimentation constant indicated an approximate 
molecular weight of 35,000 for the protein hormone. The same sample of pro- 
lactin was examined independently inthe laboratory of Prof. J. W. Williams, 
at the University of Wisconsin. The values reported (167) were: 2.65 S for the 
sedimentation constant; 7.5 X 10-7 for the diffusion constant; and 32,000 for the 
molecular weight. On the other hand, osmotic pressure measurments (104) 
have indicated a molecular weight of approximately 26,000, and diffusion 
(sintered glass membrane) and viscosity measurements assigned a molecular 
weight of 22,000 to prolactin (91). From the two sets of data, the calculated 
dissymmetry constants (f/f) are 1.37 and 1.29 (91). The optical rotation of 
prolactin has also been established (91). The more important physical-chemical 
properties of prolactin are compiled in table 1. 

The differences in the molecular weight which have been reported for prolactin 
are difficult to reconcile. On the basis of the sulfur and tryptophane contents 
(see below) of the lactogenic hormone, the calculated minimal molecular 
weights are in better agreement with the higher than the lower molecular weight 
values which have been reported for prolactin. 

The ultraviolet absorption spectrum of prolactin (170) is typical of that found 
(40, 89) for a number of proteins that are free of non-amino acid residues which 
absorb in the region of 2500 A° to 3000 A°. The broad band with a maximum 
at 2800 A° is evidence for the presence of aromatic amino acids in prolactin. 

The elementary composition of prolactin is typically that of a protein. It 
contains 16.5 per cent nitrogen (165) and has a relatively high sulfur content, 1.8 
(104) to 2.0 (167) per cent. On the basis of its sulfur content, a minimal molec- 
ular weight of approximately 16,000 may be calculated. Qualitative tests for 
phosphorus, carbohydrate, and sulfhydryl groups are negative. The amino acid 
composition has not as yet been extensively studied. The cystine content has 
been reported as 3.0 (68, 104) 3.1 (92) and 3.4 (167) per cent, and a value of 4.3 
per cent was found (92) for methionine. Within the limits of experimental error, 
the cystine and methionine contents of both beef and sheep lactogenic hormones 
are the same and account for the total sulfur in the hormone. Other amino 
acid values reported are arginine, 8.3 per cent (104), tryptophane, 1.3 per cent 
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(101, 167), and 2.5 per cent (104), and tyrosine, 5.5 per cent (167) and 5.7 per 
cent (101, 104) for the beef lactogenic hormone. The values reported for the 
hormone from sheep pituitaries were similar with the exception of that for tyro- 
sine, which was found to be 4.5 per cent (101, 104). The difference in tyrosine 


TABLE 1 
Some physical-chemical properties of prolactin* 





Solubility 
In 0.357 M NaCl at pH 2.25 
0.506 g./l. (sheep) (102) 
0.316 g./l. (beef) (102) 


Isoelectric point 
pH 5.60 (150) 
pH 5.65 (165, 167) 
pH 5.70 (99) 
pH 5.73 (100) 


Molecular weight 
From osmotic pressure, 26,500 (104) 
From diffusion and viscosity, 22,000 (91) 
From sedimentation-diffusion, 32,000 (167) 


Diffusion constant (Deow) 
Sintered glass membrane, 9.0 X 10~? (91) 
Free diffusion, 7.5 X 10-7 (167) 


Partial specific volume (Vi), 0.721 (91) 
Viscosity coefficient ( (2 -1)1000/6v;), 6.65 (91) 


no 


Dissymmetry constant (f/fo) 
Viscosity data, 1.29 (91) 
Sedimentation-diffusion, 1.37 (91) 
Optical rotation 


[aJN2 = —40.5° (91) 





* The numbers in parentheses are bibliography references. Except for solubility dif- 
ferences between beef and sheep prolactins, the other physical-chemical properties appear 
to be independent of species source of the hormone. 


content of the hormones from the two species, and the difference in solubility, 
mentioned previously, are the only dissimilarities which have as yet been estab- 
lished in comparisons of the beef and sheep lactogenic hormones. Despite these 
detectable physical and chemical differences, the hormones from beef and sheep 
pituitaries are immunologically indistinguishable (19). 

There is good agreement among the data for the amino acid composition of the 
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lactogenic hormones prepared in different laboratories, with the exception of the 
tryptophane values. A tryptophane content of 1.3 per cent was obtained when 
analysis was conducted on completely hydrolyzed prolactin (101, 167); a 
higher value of 2.5 per cent was found by a glyoxylic acid method (147) applied 
to the intact protein. Brand (24) has confirmed the lower tryptophane value 
by finding 1.2 per cent of this amino acid in a preparation of prolactin supplied 
by the writer. The procedure employed in Brand’s laboratory was a photo- 
metric technique (25) based on the method described by Lugg (116). The data 
obtained from amino acid analysis of prolactin are assembled in table 2. 

Effect of physical and chemical agents on prolactin. a. Heat and pH. Earlier 
studies (137) of the heat stability of prolactin suggested that the hormone was 
relatively thermostable when heated in a boiling water bath for one hour at pH 
7.0 to 8.0, but less stable at other pH values. However, the reported relative 
heat stability of the lactogenic hormone, as in the case with other biocatalytically 
active proteins, may be influenced by a variety of factors. The presence of other 





TABLE 2 
Some amino acid analyses of prolactin* 

Tyrosine 

PING yo. cn cccnsncdsrensesmxnanv ans 5.5% (167); 5.7% (101, 104) 

nice ewevecsencevbadasen cu 4.5% (101, 104) 
ee eee ee 1.2% (24); 1.8% (101, 167); 2.5% (104) 
isan eens en Cea edeines banal 3.0% (68, 104); 3.1% (92); 3.4% (167) 
Ns. i wane oaeinstiaie wai h lh 4.3% (92) 





* The numbers in parentheses are bibliography references. Except for indicated differ- 


ences in tyrosine contents, beef and sheep prolactins appear to have the same percentages 
of the other amino acids which have been studied. 


proteins may result in an increased resistance of each of the proteins in the 
mixture toward labilizing agents. Moreover, the concentration of protein and 
inorganic electrolyte and the pH of the solutions examined may influence the 
nature of the data obtained. Experiments with purified prolactin (167) indicated 
that this hormone may be classed as a heat-labile substance. Destruction of 
hormonal activity by heat proceeded most rapidly in solutions more alkaline 
than pH 11.0, and exposure of a 0.04 per cent solution of prolactin to 100 degrees 
centigrade for 30 minutes resulted in considerable loss of biological activity over 
the entire pH range. In alkaline solution, this heat-lability is accompanied by a 
splitting of labile sulfur from the hormone; a significant degree of hydrolysis of 
the protein occurs at elevated temperatures in either acid or alkaline medium. 

b. Hydrolysis. The hydrolysis of prolactin with boiling 20 per cent hydro- 
chloric acid gave (167) an hydrolysate which retained no evidence of lactogenic 
activity even when assayed at levels approximately 400 times that required to 
produce a physiological response with the unhydrolyzed prolactin. Hydrolysis 
with pepsin or trypsin also resulted in rapid inactivation of the hormone (125, 
167). The data (167) suggested that destruction of physiological activity 
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occurred before there had been hydrolysis of the protein into fragments which 
were no longer precipitable by trichloroacetic acid. 

c. Denaturing agents. Li, Lyons and Evans (103, 104) and Li (91, 93) have 
studied the effects of urea and of a commercial detergent on the properties of 
the lactogenic hormone. Using viscosity measurements as an index of altera- 
tions in the physical state of the protein, it was demonstrated that, in the pres- 
ence of 3.0 molar urea, the relative viscosity of the lactogenic hormone is greatly 
increased. However, osmotic pressure studies revealed that the hormone does 
not dissociate in 6.66 molar urea solution. Unfortunately, it was not possible 
to determine the biological activity of the hormone in urea solutions, but after 
removal of the urea by dialysis, the physiological activity was found to be the 
same as that noted before urea treatment. In the case of urea, therefore, it 
was not possible to establish unequivocally whether the denaturating agent also 
affected physiological activity. Similar increases in viscosity of solutions of the 
protein were also produced with solutions of detergents; a distinct lowering of 
the biological activity of the hormone resulted. The reversibility of these 
alterations could not be assessed, since efforts to remove the detergent from the 
protein were unsuccessful. Inasmuch as the biological activity of prolactin 
appears to depend in part on the presence of intact phenolic hydroxyl and 
unsubstituted amino groups in the molecule (see page 583), the loss of lactogenic 
activity in the detergent studies might have been due to interactions between the 
detergent and either or both of these groups. 

d. Action of ketene. Ketene has been widely employed as a reagent for 
examining the effect of substitution of a protein’s free amino groups and the 
phenolic hydroxyl groups of tyrosine on the activity of proteins which exhibit one 
or another type of biocatalytic or physiological behavior. Acetylation of proteins 
with ketene has the advantage that the reaction may be conducted under con- 
ditions (aqueous solutions and low temperatures) which do not alter appreciably 
the native state of the protein. It has been generally assumed that ketene effects 
a degree of selective acetylation in the case of most proteins, since amino groups 
have been reported to react much more rapidly than do hydroxy] groups (18, 80, 
81, 157). However, it should be emphasized that investigations of the reaction of 
proteins with ketene have concentrated attention on measurements of the de- 
gree to which free amino or phenolic hydroxyl groups have been substituted, 
and have ignored completely the possible acetylation of aliphatic hydroxyl 
groups present in certain amino acids, i.e., serine and threonine. Inasmuch as it is 
unknown at the present time whether these two amino acids have a réle in 
determining the biocatalytic activity of certain proteins, the results obtained 
by the use of ketene as an acetylating agent and by the measurement of the 
degree ‘of substitution of amino and phenolic hydroxyl groups are not possible of 
interpretation solely in terms of the contribution of these groups to the activity 
of the protein. Although data and conclusions obtained from studies of the 
inactivation of protein hormones by ketene will be presented in this review, in no 
single case has the action of ketene been shown to be limited only to those 
protein groupings whose biological importance is being assessed. 
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In a preliminary report Li, Simpson and Evans (106) observed that the 
treatment of prolactin with ketene at 20 degrees centigrade for 5 minutes re- 
sulted in acetylation of all the free amino groups of the hormone and a complete 
loss of physiological activity. It was not demonstrated that substitution of 
groups other than free amino groups had not occurred. These additional data 
seemed necessary, since proteins may differ in the reaction rates which different 
groups in the molecule may exhibit with ketene. Indeed, in a recent complete 
publication, Li and Kalman (98) have observed that the reaction of prolactin 
with ketene proceeded in an unexpected manner. The acetylation of up to 20 
per cent of the phenolic hydroxyl groups of tyrosine residues in prolactin was 
reported to have occurred without acetylation of any free amino groups in the 
protein. This type of protein substitution could be achieved by treatment with 
ketene for three minutes at pH 7.0 in phosphate buffer; the product obtained 
exhibited the full biological activity of the original prolactin. Under these 
conditions, therefore, ketene appeared to react with the phenolic groups of 
tyrosine residues in the lactogenic hormone molecule more rapidly than with the 
amino groups. On the other hand, in acetate buffer at pH 4.0, the extent of acet- 
ylation of both amino and phenolic groups after five minutes of treatment was 
practically identical, 35 per cent of each type of grouping being acetylated. 
This product had only one-fifteenth the biological activity of the unacetylated 
hormone. In other preparations in which 70 per cent of the amino groups and 
70 per cent of the phenolic hydroxyl groups were acetylated, the biological 
activity was reduced to almost the vanishing point. The authors concluded that 
the decrease in crop stimulating potency of the acetylated products was due to a 
substitution of the free amino groups of the protein hormone. This conclusion 
that the amino groups are essential for the biological activity of the hormone was 
given further support by the demonstration that hydrolysis of the phenolic 
oxygen-acetyl groups in the acetylated, inactive protein under conditions known 
not to inactivate the lactogenic hormone (pH 11 for 10 min.) did not restore 
the biological activity. This would be the expected result if the decreased 
potency of acetylated prolactin preparations was unrelated to the degree of 
involvement of the tyrosine residues of the molecule, but dependent solely on the 
free amino groups. 

e. Action of other agents primarily affecting amino groups. Prolactin has been 
treated with a number of reagents which chiefly affect the free amino groups of 
the protein. However, in the case of almost each of these reagents, adequate 
data have not been presented to establish that only free amino groups have been 
altered by the reagent employed. The data, therefore, must again be inter- 
preted with a considerable degree of reservation. Lactogenic activity was 
destroyed by treatment with sodium nitrite, formaldehyde, benzoyl chloride or 
by diazotization (125). Groups other than free amino groups were undoubtedly 
involved in these reactions. Treatment with nitrous acid at low temperatures 
also resulted in complete inactivation of the hormone (105). Even at low tem- 
peratures, however, alterations other than deamination of the free amino groups 
occur when proteins react with nitrous acid (171). 
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Treatment of prolactin with phenylisocyanate at low temperatures yielded a 
phenylureido derivative which had only about 10 per cent of the biological 
activity of the original hormone (23). The specificity of phenylisocyanate as a 
reagent for only the free amino groups of proteins has been seriously questioned 
(132). 

f. Iodination. The effect of iodination on the biocatalytic activity of various 
proteins has been employed as an approach to determining the contribution 
which the tyrosine residues of the protein make to the specific activity. How- 
ever, these studies have not given adequate consideration to other types of 
reactions which may also occur when proteins are treated with iodine. Changes 
in the protein of an oxidative nature may ensue, as may the iodination of protein 
groupings (15) other than the aromatic nuclei of the tyrosine residues. The 
reaction of prolactin with iodine has been studied in some detail by Li, Lyons 
and Evans (103). Iodinationin phosphate buffer of pH 7.0 at 20 degrees cen- 
tigrade for one hour resulted in an introduction of iodine into the phenolic por- 
tions of the tyrosine residues of prolactin, with an accompanying complete loss 
of hormonal activity. 

g. Effect of thiol compounds. The reducing action of thiol compounds on 
prolactin produced a varying degree of inactivation, depending on the extent 
of reduction (72). Treatment of a solution of prolactin with a 40-fold concentra- 
tion of cysteine transformed the hormone into an insoluble protein which, when 
redissolved under conditions which prevented autoxidation, was as biologically 
active as the untreated hormone. However, when a 200-fold quantity of cysteine 
was employed to reduce prolactin, inactivation occurred. Thioglycolic acid 
was approximately 50 times more effective than cysteine in causing inactivation 
of the lactogenic hormone. 

In summarizing the data on prolactin, it is evident that the purity of the 
hormone has been established by satisfying the criteria usually employed in 
studies of protein purity. There is no evidence for the presence in the molecule 
of residues other than amino acids. The physical-chemical properties of pro- 
lactin have been rather well characterized, and a few analytical data for amino 
acid composition are available. The hormone is a heat labile protein, rapidly 
inactivated by mild hydrolysis or by reagents which have been assumed to affect 
chiefly the free amino, or disulfide groups of the protein. Although acetylation 
of the phenolic hydroxyl groups of the tyrosine residues has been reported not to 
diminish the biological activity of prolactin, iodination of these residues was 
accompanied by a rapid destruction of lactogenic potency. 

The Adrenotrophic Hormone. The basic experimental evidence that has led 
to the acceptance of a distinct hormonal secretion of the pituitary gland with a 
trophic influence on the adrenal cortex was provided by the investigations of 
P. E. Smith (153, 156). This investigator described the atrophy of the adrenal 
cortex in the hypophysectomized rat and the adrenal cortical repair produced by 
implantation of fresh, living hypophyseal tissue. As a consequence of these 
studies, the question arose as to whether adrenal cortical atrophy in the hypo- 
physectomized animal was a primary effect due to the lack of a specific trophic 
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hormone elaborated by the pituitary for the purpose of maintaining the adrenal 
cortex, or a secondary result due to a metabolic disturbance (lowered thyroid 
functioning) accompanying hypophysectomy. However, a few years prior to 
Smith’s classical work, Evans and his colleagues (44) were able to extract from 
pituitary tissue potent growth-promoting preparations, some of which caused 
adrenal hypertrophy. This important contribution established that adrenal 
cortical stimulation was not dependent upon the presence of whole pituitary 
tissue but could be elicited by fractions of this tissue. The investigations in 
Evans’ laboratory had progressed enough by 1933 for him to state (45): “ ... it 
would appear inevitable for us to recognize the existence of an adrenalotropic 
hormone, the properties of which as distinguished from thyrotropic, lactogenic, 
and other possible hormones will emerge, I trust, from the research of the three 
or four laboratories engaged in this study in the course of the next few months.” 
In the same year, Collip, Anderson and Thomson (37) obtained from pituitary 
tissue extracts a fraction which in relatively small doses would produce repair 
of the adrenal cortex of the hypophysectomized rat. Since the material was free 
of thyrotrophic hormone, the data confirmed the existence in pituitary extracts 
of a distinct adrenotrophic principle. 

Methods of assay. Several methods of assay of the adrenotrophic hormone 
have been proposed. Two of the most reliable of these (96, 141, 151) employ 
the hypophysectomized animal in which variable internal sources of the hormone 
have been removed. One assay is based upon the ability of the product being 
tested to repair the atrophied adrenals found in rats several weeks following 
pituitary removal. The other evaluates the potency of a preparation in terms 
of its capacity to prevent a decrease in the size of the adrenal cortex of the rat 
following hypophysectomy. The first procedure is thus termed the repair, and 
the second the maintenance, method of assay. 

Isolation of adrenotrophic hormone. Almost ten years elapsed between the 
publication of physiological evidence for the presence in pituitary tissue of a 
specific adrenotrophic principle and the laboratory production of preparations 
containing significant amounts of this hormone. Collip and his associates (35, 
37) used alcohol and acetone filtrates which were obtained after removal of 
precipitated thyrotrophic hormone. These filtrates were concentrated at low 
temperatures and the solution was saturated with ammonium sulfate. The 
precipitate which formed was extracted with one per cent ammonia, the extract 
dialyzed and the proteins precipitated with alcohol. The precipitate was 
extracted with dilute alkali, and isoelectric fractionation yielded a product 
which was insoluble at pH 6.0 and was free of thyrotrophic hormone and rich in 
adrenotrophic factor. 

Two procedures which assume interesting properties for adrenotrophin have 
been proposed for the preparation of this hormone. One method, assigns to 
adrenotrophin a considerable degree of heat stability. The other preparative 
approach suggests that adrenotrophic hormone activity may be associated with 
ultrafilterable moieties. Collip (36) has suggested extraction of fresh, defatted 
and alcohol-dehydrated pituitary tissue with 0.25 per cent acetic acid for 15 
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minutes. Hydrochloric acid was then added to 0.25 per cent concentration and 
the mixture boiled for 12 hours. Neutralization of this extract to pH 4.0 yielded 
a solution which contained adrenotrophic hormone. The use of elevated 
temperatures has also been proposed in a Dutch patent (135). Pituitary ex- 
tracts were prepared by extraction with water solution at pH 6.0 to 6.6 for 45 
minutes at boiling temperature. The procedure was reported to decompose heat 
labile hormones such as the gonadotrophins. After filtration of the extract, 
further purification was achieved by adsorption of the hormone on active carbon 
and elution with water. The bioassay method employed was not indicated, 
and hence it is difficult to evaluate the product obtained. Although it has been 
the writer’s experience that methods employing heat treatment of pituitary 
tissue have not yielded potent adrenotrophic hormone products, it should be 
noted that the purified adrenotrophic hormone prepared from sheep pituitary 
glands (see p. 587) has been reported to exhibit a significant degree of heat 
stability in dilute hydrochloric acid solution (96). 

The first indication that the adrenotrophic factor could be ultrafiltered was 
presented by Anselmino, Hoffmann and Herold in 1934 (5). These investigators 
reported that adrenotrophin could be separated from gonadotrophic, thyrotrophic 
and lactogenic activities by ultrafiltration of the adrenotrophic hormone through 
8 per cent acetic acid-collodion membranes. It is unfortunate that the measure 
of adrenotrophic activity was based on changes in size and lipid concentration of 
the adrenals of castrated infantile mice. Positive assay results under these 
circumstances could have resulted from non-specific stimulation of the animals’ 
own pituitary (166). It would be of interest to assay similar products in the 
hypophysectomized rat. The data of Tyslowitz (161) also indicated that a 
dialyzable fraction containing adrenotrophic hormone activity could be prepared 
from pituitary glands. Acetone-dried hog pituitary powder was extracted with 
glacial acetic acid and the extract dialyzed for two weeks against an equal 
volume of water. Assay of the dialysate in hypophysectomized rats showed the 
presence of adrenotrophic activity. In other experiments, clear and almost 
colorless ultrafiltrates were obtained with the aid of cellophane membranes and 
pressure filtration. Almost half of the solids of the initial extract were ultra- 
filtrable and represented 38 per cent of the total adrenotrophic activity of the 
extract. The material remaining in the dialysis bag contained 28 per cent of 
the total activity. The ultrafiltrates were free of gonadotrophic and thyrotrophic 
hormones. By sodium chloride and ammonium sulfate fractionation at pH 4.5 
of the ultrafiltrates, Tyslowitz obtained a preparation with marked adrenotrophic 
hormone potency. The product gave the usual protein color reactions, was 
precipitated from 0.1 per cent solutions by phosphotungstic or phosphomolybdic 
acids, but not by trichloroacetic or picric acids. Adrenotrophic hormone 
activity was not destroyed by boiling a solution of the preparation for 10 minutes. 

During the course of studies on prolactin, acid-acetone extracts which yielded 
crude prolactin preparations were also shown to have a significant concentration 
of adrenotrophin. Lyons (117) precipitated an adrenotrophic fraction from a 
slightly alkaline solution of crude prolactin by adjusting the pH to 6.5. This 
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product exhibited adrenotrophic activity when assayed in the hypophysectomized 
rat and in the immature male rat (133). As a result of these observations it was 
erroneously accepted that the adrenotrophic hormone had an isoelectric point at 
pH 6.5. Bates, Riddle and Miller (14) observed the high degree of solubility of 
adrenotrophic hormone fractions in 60 per cent ethanol and in water at pH 3.5. 
On dialysis of aqueous solutions at pH 3.5, a precipitate formed which was 
slightly more potent in adrenotrophin than was the remaining solution. 

Preliminary announcements from two laboratories of the isolation of purified 
adrenotrophic hormone (110, 140) were followed by the two complete publica- 
tions appearing at the same time (96, 141). Of considerable interest is the fact 
that two groups of investigators, working independently, have applied consider- 
ably different fractionation procedures to pituitary tissue of two different species 
and obtained what appears to be identical protein hormone products. The 
procedure of Li, Simpson and Evans (96) began with an acid-acetone extraction 
of fresh sheep pituitary glands and prepared what may be described as crude 
prolactin. Fractionation of this product was based on the differences in solu- 
bility of adrenotrophin and prolactin in the presence of sodium chloride. Pro- 
lactin was precipitated from aqueous solution at pH 3.0 in the presence of 0.54 
molar sodium chloride. After removal of this precipitate, adrenotrophin was 
precipitated from the supernatant by increasing the salt concentration to 1.35 
molar. Sayers, White and Long (141) also used as starting material crude 
prolactin which was, however, prepared from hog pituitaries. This tissue was 
chosen because of the report (10) that hog pituitaries were higher in adrenotrophic 
hormone content than pituitary tissue from several other species examined. 
It is interesting to note that the yield of crude prolactin from hog glands was 
approximately two and one-half times that from a corresponding weight of beef 
pituitaries (167). This was probably in part related to the higher adrenotrophin 
content of the hog tissue, although no careful studies have been made of the 
prolactin content of the hog pituitary. The isolation of purified adrenotrophin 
from hog crude prolactin was achieved by careful adjustments of hydrogen ion 
concentration, advantage being taken of differences in isoelectric points of the’ 
two hormones (prolactin, 5.7; adrenotrophin, 4.7). The yield of purified adreno- 
trophic hormone from hog pituitaries was approximately five-fold that from 
sheep tissue. 

The purity of the isolated adrenotrophins from the two species has been 
established by ultracentrifugal, electrophoretic and solubility studies (96, 141).! 
Both groups of investigators obtained a molecular weight of 20,000 for their 
hormone preparations. The product from sheep glands was reported (96) to 
exhibit a considerable degree of heat stability at 100 degrees centigrade in buffer 
at pH 7.5, or in 0.1 molar hydrochloric acid. However, biological activity was 
lost when adrenotrophin was heated in 0.1 molar sodium hydroxide solution, 
precipitated by trichloroacetic acid, or digested by trypsin. Adrenotrophic 
activity of the protein hormone was little affected by the digestive action of 
pepsin. Indeed, adrenotrophic hormone activity was claimed to be unimpaired 


1 Also, unpublished data. 








: 
f 
| 
t 
| 
| 


————— 


SON SERRE DE RE UT 


—_ —— 


Farr 


~ ars 4 





588 ABRAHAM WHITE 


when 37 per cent of the original protein was no longer present as a result of 
peptic action. Li, Simpson and Evans (113) have also studied the reaction of 
purified adrenotrophin with ketene, nitrous acid, formaldehyde and iodine, and 
correlated the resulting chemical and biological alterations. As in the case of 
prolactin (98), it was demonstrated that ketene reacted more slowly with amino 
groups than with phenolic hydroxyl groups in acetate buffer at pH 4.0. How- 
ever, in phosphate buffer of pH 7.0, five minutes, treatment with ketene acetylated 
50 per cent of the amino groups and one-fifth of the tyrosine phenolic groups. 
It was difficult from the type of products obtained to assess accurately the rela- 
tive contribution of the two types of groups to the biological activity. Since 
adrenotrophin potency declined as acetylation was prolonged, it was concluded 
that both the phenolic hydroxyl and amino groups are essential for the biological 
action of the adrenotrophic hormone. Reaction with nitrous acid for 30 minutes 
completely inactivated the hormone, as did treatment with formaldehyde. 
These data further indicated the essentiality of the free amino groups. The 
biological importance of the tyrosine residues was further suggested by the 
demonstration that the degree of inactivation of the hormone by iodination was 
correlated with the amount of iodine absorbed by the protein solution. The 
interpretations of the data obtained in these inactivation studies of adrenotrophin 
are limited by considerations previously discussed. 

Recently, Li (94) has found that adrenotrophin isolated from sheep pituitaries 
contained 1.93 per cent methionine and 7.19 per cent cystine. These values for 
the sulfur-containing amino acids satisfactorily accounted for the total sulfur, 
2.32 per cent, of this hormone. The more important analytical data for adreno- 
trophin are summarized in table 3. Other amino acid analyses and further 
inactivation studies would be important contributions to the knowledge of 
adrenotrophin, particularily in view of the suggestive evidence that a moiety 
with similar physiological activity may be obtained from this protein hormone 
by ultrafiltration or by peptic digestion. 

The Thyrotrophic Hormone. In 1911, Ascoli and Legnani (8) demonstrated 
that hypophysectomy in the mammal was followed by atrophy and inactivity 
of the thyroid gland. This was established independently by Aschner (7), and 
in 1914 Adler (2) was able to prevent metamorphosis and to cause thyroid 
atrophy by destroying the pituitary in tadpoles. Two years later, Allen (3) and 
Smith (152) independently showed that in tadpoles the ablation, in the late egg 
stage, of the ectodermal bud destined to form the anterior, intermediate and 
tuberal lobes of the hypophysis, resulted in a failure of the thyroid to undergo 
normal development. A study of the injection or transplantation of the various 
lobes of the pituitary revealed that use of the anterior, but not of the other lobes, 
induced reparative effects in the thyroid. The conclusion was drawn that the 
lack of thyroid development following ablation of the ectodermal bud was due 
not to the absence of the entire pituitary but rather to the loss of its anterior lobe 
component. It was further observed that the feeding of fresh anterior lobe tissue 
had no restorative effect on the thyroid, whereas parenteral administration of 
the tissue stimulated thyroid development. 
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The first thyroid-stimulating pituitary extracts were merely crude acid, alka- 
line or saline extracts of pituitary gland tissue (114). Although these extracts 
were largely mixtures of all pituitary hormones, the investigations were of value 
in their demonstration that the guinea pig was an exceedingly sensitive test 
object for assay of the pituitary thyrotrophic hormone. 

Methods of assay. Several satisfactory biological methods are available for 
assessing the thyrotrophic hormone potency of pituitary preparations. The 
most reliable methods depend upon the direct effect of the hormone on the thyroid 
gland and evaluate activity in terms of alterations in histology of the thyroid 
gland, changes in iodine content of the thyroid, or increases in thyroid weight. 
The chick and the guinea pig are sensitive test animals. 














TABLE 3 
Analytical data for adrenotrophin 
HOG ADRENOTROPHIN SHEEP ADRENOTROPHIN 

(141)* (94, 96) 
Yield in mgm. from 1 kgm. fresh tissue...... 350 70 
Minimum effective dose, ugt................. 25 25 
PUR Ga G65 s IS AEST wv os eccw ct uwhs Siw bua 2.078 2.088 
ee RES Sin. 0 spins VS AM de bcs Cee not determined 10.4 X 10-7 
Estimated molecular weight................. 20,000 20,000 
Isoelectric point, pH....................... 4.7 4.7 
is be nea bd kha ees ensns vonap ee eeons ya 50.64% 46.35% 
erate hs cawesscxsbedunnveee sone 6.23% 5.89% 
Sid tute tas seis evs ud Te awd vee sce 15.47% | 15.65% 
TL Ed ay wwe sc wh seamed arene oes 2.33% 2.30% 
ESE A ee ee ee ee not determined | 7.19% 
LO te ee not. determined | 1.938% 
Ss cin wnaccnee os chn«stevhin eer absent | absent 
I so cca'cy acn.c'e's 40's a0 nang ae Re not determined | + 








* The numbers in parentheses are bibliography references. 


+ For a discussion of the comparative biological activities of the two preparations see 
reference 166. 


t+ indicates heat stability under specific conditions. 


Preparation of thyrotrophic hormone. The literature on the preparation of 
thyrotrophin is considerably more extensive than that dealing either with 
prolactin or with adrenotrophin. The thyrotrophic hormone has been found 
in the pituitaries of almost all animals studied. The concentration of the 
hormone in the gland showed a species variation, usually in direct relation to the 
activity of the animal’s thyroid gland (159). The most commonly employed 
starting material for the preparation of the thyrotrophic hormone has been beef 
pituitary tissue. Aron (6) reported that one milligram of fresh beef pituitary 
gland tissue, injected into the guinea pig, produced definite histological altera- 
tions in that animal’s thyroid gland. Sheep pituitaries are as high, or higher in 
their thyrotrophin content (20) whereas dog and horse glands have less of this 
hormone (83). Considerable variations may be found in reports of the thyro- 
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trophin content of pituitary tissue since bioassays have frequently been con- 
ducted on acetone-dried pituitary glands. Jorgensen and Wade (86) observed 
that acetone drying of pituitaries may result in a loss of approximately 50 per 
cent of the thyrotrophic potency originally present in the glands. 

It might be expected that the whale pituitary would be a good starting material 
for preparation of pituitary hormones. The pituitary in the whale is large, and 
the anterior lobe is easily obtained free from other portions of the hypophysis. 
However, the yearly prewar catch of 10,000 whales would yield but 42 kilograms 
of dried pituitary powder, and this is equivalent in thyrotrophic activity to only 
about 26 kilograms of dried beef pituitary powder (21). It is interesting to note 
that while dilute acetic acid efficiently extracts thyrotrophin from beef pituitary 
powder, this solvent extracted little of the hormone from whale pituitary powder 
(21). Dilute alkaline extraction, on the other hand, gave solutions highly 
potent in thyrotrophic activity. There is as yet no explanation of these 
observations. 

Among the first purified preparations of thyrotrophic hormone was that made 
by Janssen and Loeser (83) in 1931. A physiological saline extract of acetone- 
dried tissue was treated with sulfosalicylic acid solution. Removal of the 
precipitate which formed yielded a solution showing marked thyroid-stimulating 
activity when injected intraperitoneally in guinea pigs. No activity was evident 
following oral administration or after heating of the solution. A year later, the 
same laboratory (115) reported very efficient extraction of thyrotrophin from 
pituitary tissue with aqueous solutions of pyridine, diethylamine or ammonia. 
Protein impurities were removed with 20 per cent trichloroacetic acid, and thyro- 
trophic activity then precipitated from the filtrate by the addition of excess 
acetone. Further purification was obtained by extracting the dried acetone 
precipitate with methanol to remove traces of yellow-colored material. The 
residue was extracted with water; addition of excess acetone to the extract yielded 
a white powder equivalent in activity (82) to about twenty times its weight of the 
dry pituitary powder used as starting material. Rowlands and Parkes (139) 
also succeeded in obtaining potent thyrotrophic hormone powders by extraction 
of acetone-dried pituitary powder with 50 per cent aqueous pyridine. Extrac- 
tion of thyrotrophin from anterior pituitary tissue by ammoniacal solutions was 
also used by Anderson and Collip (4). Growth hormone and other impurities 
were removed by adsorption on calcium phosphate. Saturation of the calcium 
phosphate filtrate with ammonium sulfate gave a precipitate which had thyro- 
trophic activity. This precipitate was dissolved in water and further purifica- 
tion of thyrotrophin achieved by alcohol or acetone precipitation. 

Acetic acid has been employed to extract thyrotrophin from acetone-dried 
pituitary tissue (87); addition of picric acid to these extracts precipitated the 
active material. The picric acid was removed by the use of acid alcohol or by 
solution of the picrate in aqueous ammonia and precipitation of the protein with 
acetone. Repetition of the picric acid step finally gave a highly potent product 
in a yield of 12 to 18 grams per kilogram of acetone-dried anterior lobe powder. 
Dilute acetic acid was also employed as the initial solvent by Lambie and 
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Trikojus (88), who removed protein impurities from the extract by treatment with 
sulfosalicylic acid. Thyrotrophic activity was then precipitated with sodium 
tungstate. The tungstate was decomposed in the usual manner with the aid of 
alkali and barium chloride and the protein hormone adsorbed from solution by 
addition of a concentrated solution of benzoic acid in alcohol. Removal of 
benzoic acid from the precipitate by washing with water and acetone gave a 
colorless powder with a high degree of activity. From each kilogram of acetone- 
dried anterior pituitary powder 15 grams of the product were obtained. This 
yield was in good agreement with that just described for acetic acid extraction 
and picric acid precipitation Flavianic acid has also been employed as a preci- 
pitant of thyrotrophin and was reported (16) to remove quantitatively the hor- 
mone from solution. 

Salt fractionation of pituitary extracts has yielded active thyrotrophic hormone 
preparations. Fevold, Lee, Hisaw and Cohn (64) extracted whole beef pituitary 
tissue with dilute ammonia at pH 8.0 and removed insoluble material precipitated 
by addition of ammonium sulfate to 0.28 molar concentration. Acidification 
to pH 5.4 yielded another precipitate; the supernatant was then fractionated 
with further careful addition of the inorganic salt at pH 7.0. Thyrotrophic 
activity was largely precipitated at 3.4 molar concentration of ammonium sulfate. 
The yield of final product was poor as compared to that of other procedures in 
the literature. Salt fractionation has also been applied (73) with considerably 
greater success to dilute acetic acid extracts of acetone-dried pituitary powder. 
The hormone was precipitated by addition of ammonium sulfate to 0.6 satura- 
tion, after previously removing inactive material at 0.3 saturation. Repetition 
of this procedure yielded a product assaying 170 chick units per milligram of 
nitrogen. Solution of the product in water, addition of acetone to 39 per cent 
concentration, removal of the precipitate which formed, and addition to the 
supernatant of 8 to 10 volumes of acetone gave a fraction assaying 480 chick 
units per milligram of nitrogen. The yield from a kilogram of dried pituitary 
powder was 2.8 grams (corrected for ash and moisture) of material assaying 60 
chick weight units per milligram of product. This product could be purified 
further by solution in water, followed by precipitation of inert protein with one 
volume of alcohol, and finally by precipitation of thyrotrophic activity with an 
excess of acetone. This product assayed about 1000 chick units per milligram of 
nitrogen. However, the total recovery of potency in this final step was low, even 
when adequate precautions were taken regarding temperature and length of 
exposure to organic solvents. Junkmann (87) and other investigators have also 
reported losses of thyrotrophic potency in purification procedures and these 
losses have generally been attributed to the deleterious action of the organic 
solvents employed. However, the significant solubility of thyrotrophin in high 
concentrations of alcohol and acetone might be a more important basis for the 
lower yields encountered. 

An extensive investigation of methods for the purification of thyrotrophic 
hormone was reported in 1941 by Jorgensen and Wade (86). These investigators 
evaluated various solvents for the extraction of thyrotrophin and concluded 
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that 0.02 normal barium hydroxide was most efficient. From crude extracts 
it was possible to precipitate 60 to 90 per cent of the active factor, together with 
most of the other proteins, with flavianic, trichloroacetic, picric, phosphotungstic 
and sulfosalicylic acids. However, with more highly purified preparations of 
the hormone, it was reported that these reagents yielded little or no precipitate, 
and that the thyrotrophin remained in solution. These observations were difficult 
to assess inasmuch as concentrations of reagents and of protein solutions were not 
given. The hormone was readily adsorbed from solution by a variety of agents 
but was difficult to elute. Permutit adsorption and elution from the permutit 
proved the most satisfactory of the procedures tested. Optimum adsorption 
occurred at pH 4.5 but required large quantities of permutit. Elution of 
activity was obtained by addition of sodium hydroxide to pH 13.0. Repetition 
of this process proved unsatisfactory; apparently, certain impurities favored 
adsorption of thyrotrophin on permutit. Additional efforts to achieve further 
purification of the hormone culminated in the use of uranium acetate as a preci- 
pitant, with recovery of the activity from the precipitate by extraction with 
dilute phosphate solution. The degree of purification achieved by Jorgensen 
and Wade cannot be evaluated from their data which stress recovery of hormone 
with no indication of potency of preparations in terms of dry weight or nitrogen 
content. 

Divergent results were obtained in attempts to purify thyrotrophin with the 
aid of the ultracentrifuge. No detectable sedimentation of thyrotrophic activity 
was observed (146) in 3 hours’ ultracentrifugation at 39,000 revolutions per 
minute, as judged by bioassay of the top, middle and the lower portions of the 
contents of the centrifuge tubes. In later experiments (90), both thyrotrophic 
and gonadotrophic activity were observed to sediment at approximately the same 
rate and in proportion to the rate of sedimentation of other proteins in the crude 
extracts employed. It is not unlikely that there may have occurred adsorption 
of physiologically active principles on contaminating proteins. 

Recently, Ciereszko (32) has described a relatively simple procedure for the 
preparation of highly purified thyrotrophin from either whole beef or sheep 
pituitary glands. The course of progress of this study had been indicated in 
abstracts published by White and Ciereszko (169) in 1941, and by the same 
investigators in 1942 (33). Ina previous publication from this same laboratory, 
Bonsnes and White (22) had prepared a thyrotrophin-rich product by using 
isoelectric and acetone precipitations for the fractionation of saline extracts of 
fresh beef pituitary glands. Following removal of other proteins by adjustment 
of hydrogen ion concentration and the use of increasing concentrations of ace- 
tone, thyrotrophic activity was found to be largely concentrated in a fraction 
precipitated by 75 per cent acetone at pH 4.0. Ciereszko (32) achieved further 
purification by making use of the previously discussed evidence that thyrotrophin 
is water soluble and-not readily precipitated from solution by certain of the 
common protein precipitants. Extraction of the 75 per cent acetone insoluble 
precipitate with water was followed by removal of protein impurities from the 
extract by the successive use of lead acetate and trichloroacetic acid. From the 
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supernatant, a product was obtained with a minimum effective dose (histological 
chick thyroid assay) of one microgram.. One kilogram of glands yielded about 
500 milligrams of final product. The isolated material accounted for approxi- 
mately 80 per cent of the thyrotrophic potency of the original saline extract of 
the glands. Preliminary studies of the beef thyrotrophin in the Tiselius 
apparatus and the ultracentrifuge indicated that the product was homogeneous. 
Biological evidence of the absence of prolactin, gonadotrophic or growth hormone 
activity was obtained. It is interesting to note that the application of a similar 
procedure for purification of thyrotrophin to sheep pituitary glands yielded a 
final product which was not homogeneous in the Tiselius apparatus. Bioassay 
revealed the presence of gonadotrophic hormone in these preparations. The 
relatively lower content of gonadotrophins in the anterior pituitary gland of 
cattle, as compared to sheep, aids in circumventing the somewhat difficult detail 
of separating thyrotrophic from gonadotrophic activity. 

Properties of thyrotrophin. Most of the data for the physical and chemical 
properties of thyrotrophin have been obtained with impure products. Some 
of the chemical properties have been inferred from behavior of the active material 
in the course of its purification. Consequently, the published physical and 
chemical behavior of the hormone may have been influenced by the presence of 
contaminating substances. 

Opinions regarding the solubility of the hormone appear to be in good agree- 
ment. It is soluble in water over the entire pH scale, and is insoluble in alcohol, 
ether, pyridine, acetone, methanol, chloroform and hexachloroethane (115). 
The active material is soluble in aqueous alcohol (73) aqueous acetone (22, 32, 
73) and aqueous pyridine (115, 189). The hormone is not precipitated by dilute 
solutions of sulfosalicylic acid (88), trichloroacetic acid (32) or lead acetate (32). 
Thyrotrophin is precipitated from aqueous solution by flavianic (16, 86), picric 
(86, 87), tungstic (88), or phosphotungstic acids (32, 86), and by uranium acetate 
(86) and mercuric chloride (82). Thyrotrophin has also been reported to be 
precipitated by trichloroacetic or sulfosalicylic acids (86), in disagreement with 
the observations just cited, but the conditions under which precipitation occurred 
were not described. 

The thyrotrophic hormone is very readily adsorbed on a variety of materials, 
e.g., permutit (86), benzoic acid (88), colloidal ferric hydroxide (88), animal 
charcoal (86), and various protein precipitants (86). 

Purified thyrotrophin (32) gave the usual protein color reactions, and the 
Molisch reaction was positive. Qualitative tests for phosphorus were negative 
The nitrogen content has been reported as 13 per cent (73) and as 12.6 per cent 
(32), and two laboratories (14, 73) have reported the presence of glucosamine in 
thyrotrophin preparations. The hormone was heat labile both in the presence 
or absence of oxygen (88, 115), and was not active when administered orally or 
after digestion by proteolytic enzymes (80). These observations both confirm 
the protein nature of the hormone and suggest that the physiological activity is 
dependent upon the protein molecule as a whole. 

Loesser (115), working with an impure preparation of thyrotrophic hormone, 
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observed that the activity was destroyed by treatment with benzoyl chloride or 
nitrous acid. Cysteine treatment was found (73) to inactivate the thyrotrophic 
hormone, presumably because of a reduction of disulfide linkages in the protein 
hormone. Brief treatment of a solution of thyrotrophic hormone with ketene 
also produced a significant degree of inactivation (73). 

Although further work must be done to characterize fully the thyrotrophic 
hormone, it seems clear that it is a protein and that its physiological activity is 
closely related to the integrity of the protein molecule. A relatively small 
molecular weight for thyrotrophin is indicated by its slow rate of sedimentation 
in the ultracentrifuge, its failure to precipitate with protein precipitants like 
trichloroacetic acid and lead acetate, and the high concentration of inorganic 
salts or of organic solvents required to precipitate the active material from 
aqueous solution. Evidence has been obtained for the presence of a carbohydrate 
grouping in thyrotrophin. 

The Growth Hormone. The first demonstration of the capacity of anterior 
pituitary extracts to promote accelerated growth in mammals was made by 
Evans and Long (50) in 1921. Beef anterior pituitary tissue was ground in a 
mortar with sand and Locke’s solution. The clarified extract was administered 
daily intraperitoneally to young rats and produced a markedly increased rate of 
weight gain as compared to uninjected controls. Later, Smith (155) found that 
anterior pituitary extracts could cause the resumption of growth of hypophy- 
sectomized rats. The demonstration of growth-promoting activity in anterior 
pituitary tissues extracts led to the conclusion that the pituitary gland secreted a 
hormonal principle which was termed “‘growth hormone.” 

Methods of assay. A hormone which has a stimulating effect on growth might 
be expected to influence the rate of a variety of chemical and physiological 
processes in the organism. Consequently, a number of procedures have been 
devised for assay of the anterior pituitary growth hormone. The most widely 
employed and reliable methods are (a) the gain in weight produced in plateaued 
female rats, and (b) the resumption of growth and subsequent gain in weight of 
hypophysectomized rats. A relatively recent method of growth hormone assay 
has been described by Evans and his colleagues (54). This method is based on 
the fact that hypophysectomy causes regressive changes at the proximal end of 
the tibia in the immature rat. These changes can be reversed with growth 
hormone; the increase in width of the cartilage observed during the administra- 
tion of hormone is employed as the criterion of assay. The bone test is stated 
to be approximately three times as sensitive as body weight methods on the basis 
of daily dose, and requires one-fourth as much time and approximately one- 
tenth of the quantity of hormone necessary for a corresponding response in the 
body weight method. Other bioassay procedures, less often employed, have 
also been described (166). 

Preparation of growth hormone. Early in the chemical efforts to prepare 
anterior pituitary growth hormone, it was observed that the biological activity 
diminished in strongly acid media. Consequently, alkaline extraction of the 
pituitary tissue has generally been employed as an initial step. Solutions of 
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sodium hydroxide, ammonium hydroxide, barium hydroxide or calcium hydroxide 
will extract the growth-promoting principle from pituitary tissue. Weakly 
alkaline, saline extracts have also proven useful as starting materials for fraction- 
ation of growth hormone activity (22, 64). Unfortunately, these alkaline sol- 
vents are also effective in extracting all other types of hormonal activity, as well 
as non-hormonal proteins. Consequently, the subsequent purification and 
concentration of growth hormone has proven relatively difficult as compared to 
the preparation in purified form of the other anterior pituitary hormones. 
Barium and calcium hydroxides have been most frequently used as extraction 
media; neutralization and filtration of the extract yielded a solution which 
exhibited growth-promoting potency (47). Gonadotrophic activity could be 
removed almost completely from the growth principle by repeated fractionation 
with 20 per cent sodium sulfate (163). The precipitated proteins contained 
growth hormone but were relatively free of the gonadotrophic factors. 

The use of adsorbents for removal of growth hormone from extracts has been 
extensively studied. Whereas aluminum hydroxide and Lloyd’s reagent were 
not effective adsorbing agents, some success has been reported with calcium 
phosphate and norite. Collip, Selye and Thomson (38) adsorbed the growth 
factor on calcium phosphate and eluted with dilute alkali. A growth prepara- 
tion was obtained which was reported to be relatively free of the thyrotrophic, 
adrenotrophic, and gonadotrophic hormones as well as prolactin and the meta- 
bolic factors (ketogenic and diabetogenic). Dingemanse (42) and Dingemanse 
and Freud (43) have removed growth hormone from alkaline extracts of acetone- 
dried pituitary glands by adsorption on norite. The hormone was eluted with 
liquid phenol and obtained as a precipitate when the phenol solution was poured 
into alcohol-ether mixture. The properties of the isolated product were studied 
in detail. Its elementary composition was that of a protein with a total sulfur 
content of 1.47 per cent; this was present as disulfide groups. The hormonal 
activity was destroyed by heat, by strong acid or alkali and by proteolytic 
enzymes. The hormone was reported to be insoluble at pH 8.0 and could be 
ultrafiltered or dialyzed at pH 10.0. Assayed in hypophysectomized rats, the 
product stimulated a weight gain of one gram a day for seven days when given 
in doses of ten micrograms daily. At a dose level of 30 micrograms daily the 
product showed no lactogenic, thyrotrophic, gonadotrophic, or adrenotrophic 
activity. Although certain of the claims of Dingemanse have not been fully 
substantiated by other investigators (46, 142), it is interesting to note certain 
similarities in properties of her product with those reported for the highly purified 
growth hormone (see below). 

Investigators in the laboratory of H. M. Evans at the University of California 
have been persistently pursuing the task of purification and isolation of the 
growth hormone since the first description of this principle in that laboratory 
twenty-five years ago. It is wholly fitting that these efforts have recently been 
crowned with final and apparently complete success. An earlier study by Evans, 
Meyer and Simpson (51) examined a wide variety of extraction, fractionation 
and purification procedures for the preparation of growth hormone. Dilute 
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barium or calcium hydroxide appeared to be the solvents of choice. Growth- 
promoting activity was found to be in the globulin fraction precipitated from 
alkaline extracts by half saturation with ammonium sulfate (56). Many methods 
were explored in efforts to free this precipitate of other types of hormonal 
activity. Reprecipitation of the globulin fraction, extraction of the gonado- 
trophic activity with 10 per cent saline, removal of the lactogenic hormone by 
precipitation with bromine water or by extraction with 0.1 saturated ammonium 
sulfate solution, were all attended by varying degrees of success but with no 
great increase in growth hormone potency. While biological purification may 
have been obtained by these procedures, little chemical purification was accom- 
plished. At a later time (69, 123) considerable advance was reported from the 
California laboratory in the purification of the growth hormone by cysteine 
treatment of the ammonium sulfate-insoluble, growth hormone globulin fraction. 
Alkaline cysteine solutions were added to alkaline (pH 8.5) solutions of the 
globulin fraction which contained growth hormone activity; the mixtures were 
allowed to stand at room temperature for one to two days. Under these condi- 
tions, protein impurities precipitated from the solution with a resulting purifica- 
tion and concentration of growth hormone activity. Although the best product 
obtained by application of the cysteine procedure showed two components in the 
Tiselius apparatus, only five micrograms daily were reported required to produce 
a body weight increase of one gram per day in hypophysectomized rats. More- 
over, the final product was so low in physiologically active contaminants that a 
total dose of ten milligrams did not cause any demonstrable stimulation of 
ovaries, thyroids, or adrenals in hypophysectomized rats. 

The isolation of a protein with growth hormone activity and showing electro- 
phoretic homogeneity was reported in a preliminary note by Li and Evans (95) 
in 1944, and more recently this work has been described in detail by Li, Evans 
and Simpson (97). The authors have dropped the cysteine procedure and relied 
wholly on the application of salt fractionation and isoelectric precipitation to 
alkaline extracts of acetone-dried beef anterior pituitary powder. The growth- 
promoting, crude globulin fraction was again isolated from an alkaline extract 
of acetone-dried beef pituitary powder by a procedure essentially that described 
previously (56). The globulin precipitate was then dissolved and freed of a 
protein insoluble at 0.6 molar concentration of ammonium sulfate. After pre- 
cipitation of growth-promoting activity by increasing the salt concentration to 
2.0 molar, further purification was achieved by fractionation with sodium 
chloride. The globulin fraction was dissolved by the addition of dilute hydro- 
chloric acid until the pH was 4.0. Saturated sodium chloride solution was then 
added to a salt concentration of 0.10 molar; a precipitate formed which was 
devoid of growth activity and therefore was discarded. Addition of solid sodium 
chloride to the supernatant to a concentration of 5.0 molar precipitated growth 
hormone activity. This sodium chloride fractionation was repeated twice on the 
precipitate obtained at this stage. The final 5.0 molar sodium chloride precip- 
itate was dissolved in water and dialyzed until free of salt. This solution was 
then adjusted to pH 5.7 to 5.8 and the precipitate discarded. Another precipi- 
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tate was removed at pH 8.7 to 8.8 and the clear supernatant brought to pH 
7.0. Addition of ammonium sulfate to 1.65 molar concentration precipitated 
growth hormone activity. The pH alterations and ammonium sulfate fraction- 
ation were repeated twice. The dialyzed solution of the final 1.65 molar ammo- 
nium sulfate precipitate was precipitated again at pH 5.7 to 5.8 and pH 8.7 to 
8.8 as above and finally at pH 6.8 to 6.9 in the absence of salt. This isoelectric 
precipitation was repeated twice. The final precipitate obtained at pH 6.8 to 
6.9 was the purified growth hormone. 

A final yield of approximately 40 mgm. of the growth hormone was obtained 
from one kilogram of fresh, beef anterior pituitary glands. In this respect the 
yield of growth hormone is lower than that reported for the other anterior 
pituitary hormones and may be in part a reflection of the lengthy procedure 
necessary to obtain the final product. The isolated protein was shown to be 
homogeneous in electrophoretic, dialysis and solubility studies. In addition, 
no evidence could be obtained for the presence of any of the other known pituitary 
hormones. The hypophysectomized rat was used to establish the absence of 
adrenotrophic, thyrotrophic and gonadotrophic hormones, and the absence of 
prolactin was demonstrated by the pigeon assay. The absence of thyrotrophic 
hormone might have been demonstrated more conclusively by employing the 
highly sensitive chick assay method, since the rat thyroid is relatively non- 
responsive to small amounts of thyrotrophic hormone. Thyrotrophic activity 
is one of the most common contaminants of various pituitary fractions because 
of the high degree of adsorption of thyrotrophin on protein precipitates. 

The isolated growth hormone produced a daily body weight increase of one 
gram when injected in a dose of ten micrograms daily for ten days in hypo- 
physectomized rats. A similar daily dose level for four days was sufficient to 
increase the width of the uncalcified portion of the proximal epiphyseal cartilage 
of the tibia 50 per cent over that of the control. The protein had an isoelectric 
point at pH 6.85 and osmotic pressure measurements indicated a molecular 
weight of 44,250. The hormonal activity was destroyed by incubation of the 
protein with pepsin or trypsin. The protein was unstable at the temperature of 
boiling water and destruction of activity ensued. In buffer of pH 7.0, the 
protein hormone was coagulated at 70 to 80 degrees centigrade, with accom- 
panying destruction of growth-promoting potency. The protein exhibited 
greater stability in alkaline than in acid medium, and its biological activity was 
unaffected by concentrated urea solutions. Elemental analysis revealed a 
composition characteristic of proteins, with a sulfur content of 1.30 per cent. 
Cysteine was absent from the molecule. In a recent abstract, Li (94) has 
reported that the growth hormone contains 3.06 per cent methionine and 2.25 
per cent cystine. These values for the two sulfur-containing amino acids satis- 
factorily accounted for the total sulfur of the protein. Other amino acid analy- 
ses of the growth hormone protein (97) revealed 4.30 per cent tyrosine, 0.92 per 
cent tryptophane and 13.40 per cent glutamic acid in the molecule. 

The Gonadotrophic Hormones. The marked atrophy of the gonads which 
occurs following removal of the anterior pituitary gland early indicated important 
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relationships between the pituitary body and the gonads. These relationships 
were emphasized twenty years ago by the demonstration in two laboratories 
(154, 172) that precocious sexual maturity could be produced in immature mice 
and rats by the implantation of either the whole pituitary gland or its anterior 
lobe. At the present time it is well established that three gonadotrophic hor- 
mones are secreted by the anterior pituitary gland. These are the follicle- 
stimulating hormone which causes the growth of Graafian follicles preparatory 
to the release of ova from the female gonad and stimulates the sperm-forming 
tissue of the testes; the luteinizing (or interstitial cell-stimulating) hormone, 
which stimulates the interstitial cells of the ovaries or testes and causes the 
formation of corpora lutea from preformed Graafian follicles; and prolactin, 
which has been shown to have a significant réle in the regulation of the functional 
activity of the corpus luteum (52, 53, 55). Prolactin has been discussed pre- 
viously in this review. 

The debate in the early literature regarding the unity or the multiplicity of the 
pituitary gonadotrophic complex was greatly clarified in 1931 when Fevold, 
Hisaw and Leonard (63) succeeded by chemical fractionation in separating a 
follicle-stimulating fraction of pituitary extracts from one rich in luteinizing 
substance. This work was subsequently confirmed and extended, and culmi- 
nated in the isolation in highly purified form of two chemically distinct protein 
preparations, one of which has the physiological properties of the follicle-stimu- 
lating hormone, the other of the luteinizing hormone (28, 29, 58, 60). Coffin 
and van Dyke (34) have proposed the etymologically justified names, derived 
from Greek roots, of thylakentrin for the follicle-stimulating hormone and 
metakentrin for the interstitial cell-stimulating, or luteinizing hormone. 

Methods of assay. The follicle-stimulating hormone induces the growth of a 
large number of Graafian follicles, resulting in a gross increase in weight of the 
ovaries. This forms the basis of a sensitive and highly specific assay method 
in the hypophysectomized animal. Other assay methods are of unquestionable 
validity only in the absence of luteinizing hormone. The latter hormone may be 
assayed on the basis of its capacity to increase the weight of the ovaries of im- 
mature female rats when administered together with follicle-stimulating hormone, 
or by its capacity to increase the weight of any one or all of the secondary sex 
glands of the immature or hypophysectomized male rat. 

Preparation of the follicle-stimulating hormone. Although preparations of 
follicle-stimulating hormone have been obtained which are free of almost all 
traces of luteinizing factor as well as of other pituitary hormones, no single 
product has as yet been isolated which has only thylakentrin activity and 
satisfies all of the usual criteria of protein purity. Most of the methods de- 
scribed for the purification of follicle-stimulating hormone have been chiefly 
concerned with the problem of freeing the preparations of the luteinizing sub- 
stance. The chief types of procedures employed will be briefly reviewed. 

Sheep and hog pituitary glands have been the chief starting material for the 
preparation of follicle-stimulating hormone. Human or horse pituitaries would 
be more logical sources if available in adequate supply, since the pituitary glands 
in these species are relatively rich in follicle-stimulating principle and poor in 
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luteinizing hormone. Gonadotrophic activity is readily extracted from the 
fresh tissue or from acetone-desiccated pituitary powder by alkaline aqueous 
solvents. Fevold and his colleagues (57, 58, 61, 62, 63) generally employed 
aqueous pyridine to extract acetone-dried pituitary glands, although any aqueous 
solvent could be employed if the pH was more alkaline than 6.0. Extraction with 
water also gave an extract with gonadotrophiec activity (129). The various ex- 
tracts have been subsequently fractionated in several ways in efforts to separate 
the two gonadotrophic principles. Evans and his colleagues (49) have taken 
advantage of the greater solubility of thylakentrin in ammonium sulfate solution. 
Other investigators (84, 85, 138) have employed a similar approach. Fraenkel- 
Conrat, Simpson and Evans (71) obtained a preparation of follicle-stimulating 
hormone which on preliminary electrophoretic examination contained chiefly one 
component. However, no evidence was presented that the main component was 
follicle-stimulating substance and, although their preparations were highly 
active in this principle, they still contained some luteinizing hormone. 

Fevold (59) also reported the preparation of highly purified follicle-stimulating 
hormone by using ammonium sulfate or acetone fractionation. Advantage was 
taken of the relative solubility of the hormone in 45 per cent acetone at pH 4.2; 
under these conditions the luteinizing hormone exhibited limited solubility. 
The most highly purified preparation of thylakentrin obtained by Fevold also 
contained contaminating metakentrin. A considerable degree of separation of 
thylakentrin from metakentrin has also been achieved (164) by fractionation 
with alcohol at —6 degrees centigrade. At this temperature the luteinizing 
principle was insoluble at 40 per cent alcohol concentration. 

In 1938 McShan and Meyer (126) made the interesting observation that 
tryptic digestion had a destructive action on the luteinizing factor but left 
follicle-stimulating activity unimpaired. This observation was also made 
independently by Chen and Van Dyke (26). Although this difference in 
stability of the two gonadotrophic hormones toward tryptic digestion was not 
confirmed by Abramowitz and Hisaw (1), subsequent study by Chow, Greep 
and Van Dyke (80) revealed that the basis for the lack of agreement between 
the two laboratories was the degree to which tryptic digestion had proceeded. 
Thus, when crude hog pituitary extract was digested with trypsin, follicle- 
stimulating activity still remained when proteolysis had not exceeded 48 per 
cent of that theoretically possible. At this point, luteinizing activity was com- 
pletely destroyed. However, when the extent of digestion was greater, follicle- 
stimulating potency was also abolished. These data have been confirmed by 
McShan and Meyer (128) who utilized this information to convert a crude ex- 
tract, containing both gonadotrophins, into a product having only follicle-stimula- 
ting activity. Further application of tryptic digestion to the problem of purifica- 
tion of the follicle-stimulating hormone has been described recently by the same 
authors (130). However, not all of the follicle-stimulating preparations obtained 
were entirely devoid of luteinizing activity. The newer, potent preparations had 
been freed of a fraction which had caused reactions in the human at the site of 
injection (41). 

A successful separation of follicle-stimulating principle from the luteinizing 








| 
\ 
} 
| 
I 





600 ABRAHAM WHITE 


hormone has been accomplished by Greep, Van Dyke and Chow (75,77). These 
investigators found that hog metakentrin is extremely insoluble in a solvent 
consisting of one-fourth molar acetate buffer (pH 4.4) and 20.5 per cent sodium 
sulfate, whereas thylakentrin is very soluble in this solvent. The final product 
proved free of luteinizing activity even when injected in hypophysectomized rats 
in amounts twenty-five times the minimum effective dose necessary to produce 
evidence of follicle stimulation. Absence of metakentrin was also demonstrated 
in hypophysectomized rats by the use of the sensitive prostate method (76). 
Moreover, the presence of metakentrin could not be detected even when the 
purified thylakentrin preparations were tested immunochemically against a 
rabbit antiserum to metakentrin (27). Tests for other pituitary principles, i.e., 
lactogenic, thyrotrophic, adrenotrophic and posterior lobe hormones gave uni- 
formly negative results. In view of the apparent biological purity of the follicle- 
stimulating preparations, it was particularly disappointing to find by electro- 
phoretic and ultracentrifugal analyses that the products were inhomogeneous and 
polydisperse (28). Inthe separation cell of the Tiselius apparatus it was possible 
to isolate several fractions, representing mixtures of components. Examination 
of the distribution of follicle-stimulating activity in studies of this type indicated 
that the isoelectric point of the follicle-stimulating hormone was at about pH 
4.8. 

Other properties of purified thylakentrin. The solubility behavior, relative 
stability toward trypsin, and the probable isoelectric point of the follicle-stimu- 
lating hormone have been described in the previous section. Other properties 
of some of the highly purified products need only be mentioned since they have 
been obtained on chemically impure preparations. 

The suggestion that thylakentrin is probably a glycoprotein is based on the 
observation (126, 127) that commercial preparations of ptyalin or takadiastase 
destroyed the follicle-stimulating but not the luteinizing activity of pituitary 
extracts. The carbohydrate could not be removed by dialysis or chemical 
fractionation. Evans and his associates (48) have reported 10 to 13 per cent 
carbohydrate and 8 per cent hexosamine in their follicle-stimulating fraction from 
sheep tissue. Gurin (78) found 4.5 per cent mannose and 4.4 per cent hexosamine 
in a preparation of swine follicle-stimulating hormone. 

Data on the behavior of follicle-stimulating hormone on treatment with 
ketene, cysteine and formalin have not been in consistent agreement and need 
repetition under careful conditions when the hormone is available in pure form. 
Reaction of the hormone with ketene at pH 5.0 for 30 minutes (107) or treatment 
with cysteine at pH 7.7 for 48 hours (70, 128) have been reported to result in 
inactivation of thylakentrin. 

Purification of the luteinizing hormone. The luteinizing hormone is present 
in the pituitaries of all animals which have been studied. As in the case of the 
other pituitary hormones, there appears to be a species difference in the quantity 
of luteinizing hormone present in the hypophysis. Sheep pituitary tissue is a 
good starting material for purification studies because of its relatively high con- 
tent of luteinizing principle. As will be indicated below, there appear to exist 
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interesting chemical differences among the luteinizing hormones obtained from 
various species. 

Preparations of luteinizing hormone which fulfill the usual criteria of protein 
purity were isolated practically simultaneously in two separate laboratories from 
the pituitary tissue of sheep and swine by the use of different procedures. Van 
Dyke and his collaborators (29, 30, 31, 75) extracted fresh hog pituitaries 
with 2 per cent sodium chloride solution. The acidity of the extract was 
adjusted to pH 4.2 to 4.6 and the precipitate discarded. Saturation of the 
supernatant with ammonium sulfate gave a precipitate which was dialyzed free 
of salt. The water insoluble precipitate was discarded as was a pH 5.1 insoluble 
protein. Half-saturation of the remaining solution with ammonium sulfate at 
pH 4.2 yielded further inactive material. All of the metakentrin activity was 
then precipitated by increasing the salt concentration to 0.9 saturation with 
ammonium sulfate. After removal of salt by dialysis, luteinizing activity was 
precipitated by addition of one volume of acetate buffer of pH 4.4 and two 
volumes of 4 per cent sodium sulfate solution. This step effected the separation 
of metakentrin from thylakentrin, the latter hormone being soluble under these 
conditions. The precipitate was dialyzed until salt free; the dissolved lutein- 
izing principle was then precipitated from solution at pH 7.4 by addition of 
ammonium sulfate to one-third saturation. The insoluble protein was dissolved 
in water and the active principle precipitated at pH 7.3 by the addition of an 
equal volume of saturated ammonium sulfate. Repetition of the ammonium 
sulfate fractionation a number of times finally yielded a product which was 
electrophoretically and ultracentrifugally homogeneous. Solubility studies also 
indicated that the isolated material was a pure protein. Intensive efforts to 
separate the biological activity from the protein were unsuccessful and failed to 
furnish any evidence for the presence of an impurity more active than the 
homogeneous protein. The isolated protein hormone was found to have a high 
order of biological activity, 6.7 micrograms being the minimal effective dose for 
the stimulation of the ventral prostate in the hypophysectomized male rat. 

Li, Simpson and Evans (108) employed an initial 40 per cent ethyl alcohol 
extraction of acetone-desiccated sheep pituitary tissue. The alcohol concentra- 
tion was then increased to 80 per cent and the solution adjusted to pH 5.5 with 
acetic acid. The precipitated material was dried, and then extracted with water. 
After adjusting to pH 4.5 with acetic acid, the soluble proteins were precipitated 
with acetone. The precipitate was extracted with 1 per cent saline; luteinizing 
activity was present in the extract. Subsequent purification involved repeated 
fractionation steps using varying concentrations of ammonium sulfate, with 
metakentrin being separated at between 0.37 and 0.4 saturation with ammonium 
sulfate. Separation from traces of thylakentrin was achieved by precipitation 
of the luteinizing principle from a 1 per cent solution by addition of trichloro- 
acetic acid to a concentration of 2.5 percent. Biological assays established that 
the final product was free of all other pituitary hormones, i.e., prolactin, adreno- 
trophin, growth, thyrotrophin and _ follicle-stimulating principle. Electro- 
phoretic studies supported the suggestion that a pure protein had been isolated. 
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A later report (112) described an alternative method of preparation and a 
physical-chemical study of the luteinizing principle. Evidence for the homo- 
geneity of the isolated protein was obtained from detailed electrophoretic exami- 
nation, and from ultracentrifuge and solubility studies. Osmotic pressure 
measurements indicated a molecular weight of 40,000 for the protein hormone. 
The purified luteinizing hormone contained (108) 100 to 200 rat units per milli- 
gram, the unit being based on the repair of the interstitial tissue of the ovaries of 
hypophysectomized rats. 

Table 4 contains some of the published data permitting a comparison of the 
physical and chemical properties of metakentrin prepared from hog and from 
sheep pituitary glands. The present evidence indicates that the luteinizing 
activity is associated in the two species with chemically different pituitary 


TABLE 4 


Comparison of the properties of luteinizing hormone preparations from hog and from sheep 
pituitary glands 

















HOG SHEEP 

i dh in pik ob a 0.0 0 6.80 S (31)* 3.68 (108, 112) 
Estimated molecular weight................. | 100,000 (31) 40,000 (108, 112) 
SS 7.45 (31) 4.6 (108, 112) 
ns ee ee 4.5% (109) 
Tryptophane content........................| 3.8% (112) | 1.0% (109) 
Carbohydrate content....................... 2.0% (112) 4.5% (112) 
ELLE EE 2.8% (78) 4.5% (108) 
Nn ace es oc'e 2.2% (78) | 5.9% (108) 





* The numbers in parentheses are bibliography references. 


proteins. ‘This conclusion is supported by the demonstration (27) that hog and 
sheep metakentrins are immunologically distinct. Rabbit antiserum prepared 
by injection of hog metakentrin reacted specifically with its homologous antigen, 
but not with sheep metakentrin or with any of the other known pituitary 
hormones. 

The Harvard laboratories have also conducted extensive studies of the purifi- 
cation of luteinizing hormone as part of an investigation designed to study the 
purification of all of the anterior pituitary protein hormones. These investiga- 
tions were interrupted by the advent of the war. However, a significant degree 
of success was achieved in the concentration of several of the active principles of 
the pituitary, including the luteinizing hormone. The initial publication (64) 
has already been referred to in the discussion of the purification of thyrotrophic 
hormone. The latter hormone was found distributed between two fractions, one 
of which was chiefly follicle-stimulating and the other luteinizing. The thyro- 
trophic hormone is more soluble in ammonium sulfate than is the luteinizing 
principle and this information was used in further purification of metakentrin 
(60). Following removal of thyrotrophin, the luteinizing hormone could be 
concentrated in fractions precipitated between 1.6 and 1.8 molar concentrations 
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of ammonium sulfate. Further purification was carried to the point where 
electrophoretic and ultracentrifugal examination showed the presence of two 
main components in the final preparation. Electrophoretic separation of the 
two components suggested that luteinizing activity was present in the fraction 
representing approximately 75 per cent of the total protein present. 

Effect of various agents on the luteinizing hormone. It has been previously 
pointed out that whereas the follicle-stimulating hormone is relatively slowly 
inactivated by digestion with trypsin, luteinizing activity is rapidly destroyed 
by this proteolytic enzyme (26, 30, 126). On the other hand, luteinizing hormone 
is not inactivated by pytalin or takadiastase under conditions which result in 
destruction of follicle-stimulating activity (126, 127). Other inactivation 
studies which have been conducted with impure luteinizing fractions need 
repetition with the purified hormone. The data from these earlier studies 
indicated that the luteinizing hormone was rapidly inactivated by ketene (107) 
and cysteine (70, 128). The stability of the hormone toward formalin has been 
studied in two laboratories (124, 164); one reported (164) a selective destruction 


of the luteinizing principle by this reagent, while the other (124) was unable to 
confirm this observation. 


CONCLUDING REMARKS 


The hormones of the anterior pituitary gland are proteins. On the basis of 
the physiological evidence, there appear to be at least six recognized individual 
hormones, although there is some biological over-lapping among certain of the 
anterior pituitary secretions. The existence of other hormones in the anterior 
pituitary gland is not yet completely excluded. Four of the protein hormones 
have been isolated in a homogeneous and highly purified state as judged by the 
application of electrophoretic, ultracentrifugal and solubility techniques, 
although the use of other criteria of establishing purity, e.g., biological assays 
and immunological behavior, may reveal impurities not detectable by physico- 
chemical methods. The four most highly purified anterior pituitary proteins 
are the lactogenic, the adrenotrophic, the growth and the luteinizing hormones. 
The thyrotrophic principle has been isolated in highly purified form, but has not 
yet been examined by rigid criteria of protein purity. The follicle-stimulating 
hormone awaits further purification. 

The isolation and characterization of the hormones of the anterior pituitary 
gland are problems of protein chemistry and have involved the methods of 
protein study. The large degree of success attending efforts to purify these 
hormones has been related to advances in knowledge of protein chemistry. In 
the case of most of the hormones, the biological activity seems to be intimately 
related to the protein nature of the active principle, and procedures which alter 
even slightly the protein structure result in a partial or complete loss of physiolog- 
ical characteristics. A notable exception appears to be the adrenotrophic 
hormone, since a significant number of peptide linkages of this protein have been 
cleaved by pepsin with a reported retention of biological activity. 

The physiological responses produced by the anterior pituitary hormones 
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cannot as yet be attributed to any specific portion of the various protein mole- 
cules. Efforts to detect in the protein hormones non-amino acid groups or 
active groupings of amino acids to which hormonal function could be assigned 
have been unsuccessful. At least three of the active principles, i.e., thet hyro- 
trophic, the follicle-stimulating and the luteinizing hormones, contain carbo- 
hydrate in their structures. Carbohydrate-splitting enzymes inactivate the 
follicle-stimulating principle, and it has therefore been assumed that carbo- 
hydrate plays an important réle in the biological activity of this hormone. 
Definite conclusions on this point must await repetition of the experiments with 
purified enzymes and more highly purified hormone. Of considerable signifi- 
cance to the problem of the relation of the structure of the protein hormones to 
their biological activity is the recent demonstration by Price, Cori and Colowick 
(136) of the in vitro inhibition of hexokinase by crude anterior pituitary extracts. 
This important preliminary demonstration of the effect of an anterior pituitary 
hormone in vitro may lead to a test system in which, by the use of both purified 
protein hormones and of models of known structure, an approach would be 
possible to the problem of the relation of protein structure to hormonal action. 
Certain physical and chemical differences exist among anterior pituitary 
hormones isolated from different species. These variations are most striking in a 
comparison of the data for the luteinizing hormone preparations obtained from 
hog and sheep pituitary tissue. Preliminary data (166) also suggest that the 
thyrotrophic hormone from beef glands may not be the same protein as the 
hormone from sheep pituitaries. Less striking differences are seen between the 
lactogenic hormones from beef and sheep glands, since variations only in tyrosine 
content and solubility behavior have been observed. On the other hand, the 
purified hog and sheep adrenotrophins, isolated by two widely different pro- 
cedures, appear to be identical in every property which has been examined. 
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ORGANIZATION OF THE RESPIRATORY CENTER 


ROBERT F. PITTS 
Department of Physiology, Cornell University College of Medicine, New York, N.Y. 


Quiet inspiration is an active process involving contraction of the diaphragm 
and the external intercostal muscles. To accommodate the downwardly dis- 
placed viscera the tone of the abdominal muscles is reduced. As air enters the 
respiratory passages the vocal cords abduct and the bronchioles dilate. In con- 
trast, quiet expiration is largely a passive process involving elastic recoil of the 
lungs, chest wall and diaphragm, assisted to some degree by the return of abdomi- 
nal tone. The volume of air moved at each respiration and the frequency of 
repetition of the movements are nicely adjusted to the metabolic demands of the 
body. As these demands increase, more forcible contraction of the muscles of 
inspiration and active participation of both expiratory and accessory inspiratory 
muscles move the greater volumes ofair necessary to meetthe demands. The 
simultaneous contraction of many muscles deriving their motor excitation from 
cranial, cervical and thoracic segments, the alternation of activity of inspiratory 
and expiratory muscles, and the adjustment of the activity of these muscles to the 
needs of the moment necessitate some central co-ordinating and integrating 
neural mechanism. This mechanism is commonly called the respiratory center. 
The purpose of this review is to summarize the available information concerning 
the morphology of the respiratory center and the properties of its constituent 
neurons, to develop an adequate concept of its functional organization, and to 
point out some of the obvious avenues of experimental approach which might 
lead to a sounder understanding of the central mechanisms of breathing. 

MOoRPHOLOGY OF THE MEDULLARY RESPIRATORY CENTER. ‘The neural mecha- 
nisms responsible for the maintenance of rhythmic breathing understandably 
intrigued the early naturalists.1. Galen (2) observed that section of the spinal 
cord in its upper reaches instantly abolished respiration, a fact confirmed by 
Lorry in 1760 (3). But Legallois in 1812 (4) was the first to attempt a more pre- 
cise localization of the respiratory center. By removing parts of the brain of 
young rabbits he observed that breathing depends not upon the brain as a whole, 
but upon a circumscribed region of the medulla oblongata near the origin of the 
pneumogastric nerves. Indeed Legallois found that the cerebellum and a part 
of the upper bulb could be removed without seriously affecting breathing. 

The last half of the 19th century was a period of intense interest and of major 
advance in knowledge of the morphology of the respiratory center. During this 
period the anatomical limits assigned to the center were progressively expanded. 
Thus Flourens (5) (6) described a vital node, the destruction of which abolished 
respiratory movements in both the trunk and face. The vital node presumably 
approximated a mathematical point for it could be destroyed by thrusting a 


1 For an interesting and complete review of the early work on the respiratory center the 
paper of Cordier and Heymans (1) should be consulted. 
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punch less than a millimeter in diameter into the apex of the calamus scriptorius. 
Later he (7) redescribed the node as a bilateral structure, extending some 2.5 
mm. on either side of the midline in the caudal part of the medulla. Schiff (8) (9) 
maintained that Flourens’ vital node could be extirpated with impunity but that 
the ablation of the superior and external parts of the ala cinerea arrested respira- 
tion on the corresponding side of the body. Gierke (10) contested the localiza- 
tion of Schiff, maintaining instead that deeper structures, namely, the nuclei and 
the fasciculi solitarii (or respiratorii, as he termed them), constituted the essential 
controlling mechanisms. Mislawsky (11) believed that the central nucleus of 
the medullary raphe represented the respiratory center. 

In contrast to the above mentioned views identifying the respiratory center 
with discrete medullary structures, there developed the concept that the center 
is diffuse and represented by the scattered neurons which populate the reticular 
formation of the caudal half of the bulb. Longet (12) was able to destroy the 
pyramids and restiform bodies without affecting respiration, whereas destruction 
of the reticular formation at the same level arrested breathing instantly. Utiliz- 
ing methods involving serial transections, localized lesions and gross stimulation, 
Bechterew (13), Kronecker and Marckwald (14), Marckwald (15), Gad and 
Marinesco (16) (17), Kohnstamm (18), Arnheim (19) and others had by the end 
of the last century contributed a mass of confirmatory evidence which firmly 
established the respiratory function of the reticular formation. More recently 
this view has been confirmed, considerably strengthened, and extended by the 
application of exacting physiological techniques not available to the earlier inves- 
tigators. Thus Gesell, Bricker and Magee (20) (21) recorded, by means of fine 
needle electrodes thrust into the interior of the brain of a dog, the spontaneous 
nerve action potentials associated with breathing. Monnier (22), Pitts, Magoun 
and Ranson (23), Magoun and Beaton (24), Pitts (25), Beaton and Magoun (26) 
and Brookhart (27) using similar needle electrodes stimulated the interior of the 
brain of the cat, monkey and dog with repetitive electric shocks, and recorded 
the respiratory responses which were obtained. Comroe (28) injected into the 
brain of the cat minute quantities of buffered bicarbonate solutions of high carbon 
dioxide pressure and noted the respiratory responses induced. In each instance 
the sites at which potentials were recorded, the sites of stimulation, or the sites of 
injection were identified in serial sections of the brain, and maps were made defin- 
ing the precise limits of the respiratory center. Such a map of the respiratory 
center of the cat is shown in figure 1. Although the limits of the center vary 
somewhat in the cat, monkey and dog, as might be expected from gross differences 
in the morphology of the bulb, its general confines are remarkably similar in the 
several forms. Generally speaking, the respiratory center encompasses the 
medial and lateral reticular fields overlying the rostral half to two-thirds of the 
inferior olivary nuclei. In terms of more easily identifiable external landmarks, 
the center underlies the caudal third of the floor of the fourth ventricle from the 
posterior borders of the auditory tubercles rostrally, to the obex or slightly below 
caudally. The center is bilateral and extends from the midline to the restiform 
bodies. It is limited to the reticular substance deep to the nuclear masses which 
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form the floor of the fourth ventricle. In the cat it has a volume of some 30 to 
50 cu.mm. According to Finley (29) who studied the neuropathology of two 
cases of central respiratory failure, the location of the respiratory center in man 
is approximately the same. 

It is generally accepted that this medullary respiratory center with its afferent 
and efferent connections constitutes the minimum neural complement necessary 
for co-ordinate respiration and basic respiratory adjustments. Thus an animal 
whose brainstem has been transected just rostral to the respiratory center, 
exhibits hyperpnea when subjected to hypercapnia, anoxia and noxious stimula- 
tion, and apnea when hyperventilated or when the lungs are forcibly distended 
(30) (31) (82) (83). That more rostral levels of the brain including the pons (34) 
(35) (36) (37), midbrain (15) (38) (39), diencephalon (40) (41) and cerebral cor- 
tex (42) (43) (44) exert a powerful modifying control over breathing is likewise 
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Fig. 1. The location of the respiratory center in the cat. A, dorsal view of the lower 
brainstem after removal of the cerebellum. B, transverse section of the medulla oblongata 
at the level indicated by the heavy horizontal line in A. (From Pitts, R. F., in Howell’s 
Textbook of physiology (74); modified from Pitts, Magoun and Ranson (23).) 


generally admitted. Whether one wishes to term these subsidiary respiratory 
centers, parts of a single but very diffuse respiratory center, or merely recognizes 
them as nervous mechanisms which play on and modify the activities of the 
medullary respiratory center is largely a matter of personal opinion. The re- 
viewer prefers the latter concept. There are, however, sporadic assertions, for- 
mulated usually on inconclusive evidence, that the basic control of breathing is 
mediated through suprabulbar levels of the brain (45) (46) (47), not by the medul- 
lary respiratory center. 

Differentiation of inspiratory and expiratory divisions of the respiratory center. 
A majority of investigators have found evidence of a morphological differentiation 
of the respiratory center into inspiratory and expiratory divisions. Thus Mis- 
lawsky (11), Kronecker and Marckwald (14), Gad and Marinesco (16), and 
Lewandowsky (48), utilizing gross methods of stimulation, were among the first 
to demonstrate the existence of separate inspiratory and expiratory centers. 
Recent workers, employing more precise experimental methods, have shown that 
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the expiratory division of the respiratory center occupies the dorsal reticular 
substance, the inspiratory division the ventral reticular substance. Thus 
Nicholson (49) irrigated the floor of the fourth ventricle of the dog with cold 
Ringer’s solution and found that expiration was immediately depressed, whereas 
inspiration was at least initially unaffected. Irrigation with a dilute solution of 
cocaine (50) depressed expiration in a similar fashion, whereas stimulants such as 
nicotine and lobeline excited expiratory apnea. As the depressing agents (cold 
and cocaine) acted for longer periods of time and penetrated to greater depths, 
inspiration was affected as well. Polarizing currents (51) applied to the fourth 
ventricle produced respiratory effects which also indicated the existence ofa 
superficial expiratory center and a deeper inspiratory center. 

Localized electrical stimulation has similarly provided evidence in the cat 
and in the monkey of morphologically distinct subdivisions of the respiratory 
center. Pitts, Magoun and Ranson (23) using repetitive shocks of moderate 
intensity and high frequency’ observed that excitation of the dorsal reticular for- 
mation in the cat produced tonic expiration, maintained for the duration of stimu- 
lation. When the electrodes were advanced by as little as 0.5 mm. into the ven- 
tral reticular formation, the response changed to one of maximal tonic inspiration, 
likewise maintained for the duration of stimulation. Using these two responses 
to differentiate inspiratory and expiratory centers, the following relationships, 
diagrammatically illustrated in figure 1B, were determined. The expira- 
tory center lies in the dorsal reticular formation just beneath the subventricular 
gray matter, dorsal to, extending slightly cephalic to, and cupped over the 
cephalic end of the more ventrally placed inspiratory center. Beaton and Ma- 
goun (26) have shown that the centers are similarly differentiated in the monkey, 
although there are minor differences in morphology in the two forms. In the 
monkey the inspiratory center is confined to the ventro-medial reticular sub- 
stance, and the expiratory center surrounds it dorsally, laterally, rostrally and 
caudally. 

In contrast, Brookhart (27), Gesell (52) and Bernthal (53) maintain that the 
neurons which constitute the inspiratory and expiratory centers are intimately 
intermingled and give no evidence of morphological segregation. This concept 
is based upon their observations: 1, that electrical potentials tapped from the 
lower brainstem of the dog through fine needle electrodes are not spacially 
grouped into those synchronous with inspiration and those synchronous with 
expiration, but appear to have a random distribution (20) (21); 2, that when the 
brainstem of the dog is stimulated with low frequency shocks of just threshold 
intensity,* no characteristic spacial distribution of inspiratory and expiratory 
responses is observed (27). These investigators claim that the differentiation 


2 Stimuli were condenser discharges of an intensity of 8 volts, a frequency of 240 per 
second and a time constant of 0.1 m. sec. The frequency employed is near the optimum 
for shocks of such wave form. 

3 Shocks of an intensity of 0.5 to 1.5 volts and a frequency of 90 per second were employed. 
Since intensity approached threshold and frequency was well below the optimum, it is not 
surprising that relatively minor changes in rate and amplitude of respiration were observed. 
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described above, based on exploratory stimulation with shocks of moderate in- 
tensity, can have no real meaning, for they infer a physical spread of stimulating 
current so great that any localization of bulbar structures is impossible. Fur- 
thermore, they maintain that the maximal inspiratory and expiratory responses 
represent predominant excitation of neurons of one center, but because of their 
magnitude, such responsesmask the effects of simultaneous excitation of adjacent 
neurons of the other center. 

Each of these criticisms has been refuted in subsequent experimental studies, 
and the differentiation of inspiratory and expiratory centers has been reaffirmed. 
Thus physical spread of current about the stimulating electrodes, when shocks of 
an intensity of 8 volts are employed, occurs within a sphere of tissue only 0.5 to 
0.7 mm. in radius (24) (25). Structures of known morphology can be localized 
within the brainstem with an accuracy of +0.5mm.; presumably the inspiratory 
and expiratory centers can be defined with equal accuracy (25). Phrenic motor 
neurons are caused to discharge impulses at high frequencies when the inspiratory 
center is stimulated, and are inhibited when the expiratory center is stimulated. 
Mixed responses such as those postulated above, i.e., phrenic nerve discharge 
during expiratory center stimulation, or inhibition of discharge during inspiratory 
center stimulation, were never observed (25) (54) (55). Stimulation of the 
inspiratory center with shocks of just threshold intensity causes increased fre- 
quency of discharge of phrenic motor neurons, some increase in respiratory mid 
volume and some acceleration of respiration. Stimulation of the expiratory 
center produces the reverse effects (54). If such minor responses are used as 
criteria for differentiating the inspiratory and expiratory centers, the localization 
obtained using stimuli of an intensity of 0.9 volt is the same as that described 
previously using stimuli of 8 volts (24). It would appear, therefore, that a re- 
examination of the respiratory center in the dog using adequate stereotaxic methods 
and stimuli of moderate intensity and high frequency would be worthwhile. 
Comparative physiological studies on lower vertebrate forms would likewise con- 
tribute to a broader understanding of the morphology of the respiratory center. 

One valid criticism that may be directed against the stimulation method as a 
means of localizing a motor center within the brainstem is that it does not neces- 
sarily distinguish between the true motor center, its emergent efferent pathways, 
and those afferent tracts which play upon it. However, it has been shown in 
various ways that the maximal inspiratory and expiratory responses ascribed to 
stimulation of the respiratory center actually result from activation of the center 
and not from excitation of afferent or efferent connections. Thus stimulation of 
known afferent and efferent pathways rostral or caudal to the respiratory center 
does not yield the maximal respiratory responses which are characteristic of the 
center (23). Furthermore a comparison of the responses obtained on stimulation 
of the two sides of the medulla some 2 weeks after intracranial section of the 
glossopharyngeal and vagal rootlets on one side indicates that the intrabulbar 
terminations of these cranial afferents are in no wise involved in the responses 
(24). A comparison of the respiratory responses obtained after hemisection of 
the spinal cord at the first cervical segment similarly indicates that the efferent 
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pathways are not involved (23). Finally the identity of the responses obtained 
on stimulating the two sides of the medulla after chronic hemisection of the pons 
demonstrates that motor pathways descending from higher levels are not impli- 
cated (24). ' 

Interrelations of the inspiratory and expiratory centers. The reticular formation 
of the caudal portion of the bulb consists of motor type neurons scattered through 
a complex meshwork of ascending, descending and crossing nerve fibers so intri- 
cately interlaced as to defy histological analysis. In the cat the neurons of the 
ventral reticular substance form a diffuse aggregation termed the inferior reticu- 
lar nucleus, which is co-extensive with the physiologically defined inspiratory 
center (56). The neurons of the dorsal reticular substance are smaller, fewer in 
number, and show no definite nuclear grouping. Kappers (57) has pointed out 
that neurons tend to be grouped into definite nuclei only when they receive their 
excitation from some single afferent system. Since the neurons of the respiratory 
center receive impulses from many ascending and descending tracts and from 
cranial nerves as well, it is not surprising that they are diffusely distributed 
throughout the reticular substance. 

Despite this diffuse distribution, the neurons are intimately united into func- 
tional units by virtue of their rich synaptic interconnections. These linkages are 
of two types, excitatory and inhibitory. The excitatory linkages connect the 
constituent neurons of a given center, co-ordinate their activities, and provide for 
the simultaneous contraction of widely distributed respiratory muscles on the two 
sides of the body. In contrast the inhibitory linkages connect the two centers 
and provide for the inhibition of one group of respiratory muscles during the 
contraction of the group of opposite function. 

The functional significance of these linkages is emphasized by the observation 
that all of the inspiratory muscles of the body can be caused to contract maxi- 
mally by the electrical excitation of only a small fraction of the inspiratory 
center, less than one-thirtieth of the whole (36). The simultaneous stimulation 
of a similar small fraction of the center on the opposite side of the midline causes 
no increase in the depth of inspiration. Hence all of the neurons of the inspira- 
tory center can be excited by impulses transmitted synaptically from a small 
stimulated focus. Since inspiration is maintained without interruption by 
rhythmic respiratory movements for the duration of stimulation, it is obvious 
that all of the neurons of the expiratory center are simultaneously inhibited. The 
inspiratory center is the dominant division of the respiratory center, for when 
the two centers are stimulated simultaneously the response obtained is inspira- 
tion (36). 

The importance of the linkages between the two halves of the respiratory cen- 
ter in co-ordinating the respiratory activities of the two sides of the body was 
demonstrated a number of years ago. Lewandowsky (48) and Langendorff (58) 
(59) showed that if a deep sagittal incision is made in the midline in the caudal 
part of the bulb to sever these connections, and if the pulmonary afferents are 
eliminated by section of the vagus nerves, independent respiratory rhythms de- 
velop on the two sides of the body. Furthermore in such a preparation central 
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stimulation of one vagus nerve inhibits breathing only on one side of the body. 
It is apparent that synchrony in contraction of the respiratory muscles on the two 
sides depends on local connections which link the two halves of the respiratory 
center at the bulbar level. 

In normal eupneic respiration, only the inspiratory phase is active, but when 
breathing is stimulated, both inspiratory and expiratory muscles participate. 
Under such conditions the two groups of muscles contract alternately, and this 
alternation of contraction is an obvious consequence of inhibitory connection 
which links the two centers. The orderly and synchronous contraction of muscles 
of the facial, glossopharyngeal, laryngeal, pectoral, thoracic and abdominal 
groups on the two sides of the body is on the other hand a consequence of the 
excitatory connections which link the constituent neurons of each center. 

Descending respiratory pathways. ‘The neurons of the respiratory center send 
their axons to the nuclei of the 5th, 7th, 9th, 10th, 11th and 12th cranial nerves 
which supply the striated muscles of the jaws, mouth, nares, pharynx, larynx and 
tongue and the smooth muscles of the bronchial tree. Their axons likewise 
descend through the cervical and thoracic spinal cord to supply the diaphragm 
and the intercostal and abdominal muscles. These axons, forming the descend- 
ing respiratory motor tracts, course through the anterior and anterolateral 
columns of the spinal cord and for the most part are uncrossed (23) (56) (60) (61). 
Section of these pathways on one side at C; causes ipsilateral respiratory paraly- 
sis; section on both sides causes immediate complete respiratory failure and death. 
In man traumatic lesions of the anterior columns of the spinal cord, as a conse- 
quence of fracture of the cervical spine, may cause such a high degree of respira- 
tory inadequacy and anoxia as to lead to the development of a progressive 
confusional syndrome (62). 

Although the initial ipsilateral respiratory paralysis from hemisection of the 
cord at C; is complete, recovery of function on the side of the lesion is prompt, 
and after 5 to 6 weeks both halves of the thorax and both leaves of the diaphragm 
become equally active (56). Obviously crossed connections exist within the 
spinal cord between the respiratory neurons on one side of the bulb and the 
effector motor nuclei on the opposite side of the spinal cord. Why some 4 to 6 
weeks are necessary normally for establishment of their function is something of 
a mystery. According to Porter (63) that leaf of the diaphragm which is para- 
lyzed by hemisection of the cord becomes immediately active when the opposite 
phrenic nerve is cut and the opposite leaf paralyzed. Deason and Robb (64) 
claim that crossing of impulses in the cord at a spinal level under these conditions 
is a function of the intensity of discharge by the insptratory center. Thus in 
hyperpneic respiration crossing occurs without section of the opposite phrenic, 
and with section of the phrenic, crossing apparently results from the dyspneic 
condition of the animal. In contrast, Rosenblueth et al. (65) believe that mere 
blockage of phrenic motor impulses, not central respiratory stimulation or even 
loss of afferent impulses from the diaphragm, produces a local spinal change 
favoring crossing. Some very fundamental yet unrecognized characteristic of 
central nervous integration must underlie the crossed phrenic phenomenon of 
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Porter. Elucidation of this phenomenon would be a valuable contribution to 
neurophysiology. 

THE NATURE OF THE RESPIRATORY NEURAL DISCHARGE. The neural mecha- 
nisms by which the inspiratory and expiratory centers control the contractions 
of respiratory muscles have been elucidated by studies of impulses carried 
by individual motor fibers of peripheral respiratory nerves. Adrian and Bronk 
(66)and Bronk and Ferguson (67) dissected small twigs composed of a few fibers 
from the phrenic and intercostal nerves, and recorded from them spontaneous 
potentials associated with breathing. It was found that trains of impulses of 
low frequency, from 5 to 30 per second in eupnea, descend over the motor fibers 
to innervate the respiratory muscles. Such frequencies of excitation are far 
below those necessary to produce fused tetanic contractions of the individual 
muscle fascicles. However, the impulses carried by the several motor fibers are 
out of step and their muscle units twitch asynchronously. Hence the respiratory 
contraction as a whole is smooth and fluid. In small animals such as mice and 
rats the average frequency of impulses in eupneic breathing is much higher than 
in larger animals such as the dog and horse (68). The total number of impulses 
discharged by an average neuron in a single respiratory cycle isabout thesame in 
all forms, for the cycle is much shorter in small animals than in large ones. 

The finding of asynchronous discharge of impulses at low frequencies when 
recordings are made from small twigs containing few fibers stands in sharp con- 
trast to the inferences drawn from recordings made from whole nerve trunks. 
Rijlant (45) (47) 69), studying potentials in the phrenic trunk, maintains that 
there is a high degree of synchronization of the individual motor neurons and a 
basic rhythm of discharge of about 90 per second. While the lack of synchrony 
evident in the potentials of few fiber preparations does not negate some degree of 
synchrony in whole nerves, certainly discharge frequencies of 90 per second in 
individual fibers are observed only in conditions of extreme dyspnea. 

Motor mechanisms grading depth of breathing. Three changes in the character 
of the respiratory motor discharge are responsible for the increase in amplitude 
and force of contraction of the respiratory muscles in hyperpnea. The individual 
motor neurons discharge impulses at higher frequencies, previously quiescent 
neurons are recruited, and the duration of the trains of impulses discharged by 
the individual neurons is increased (33) (54) (66) (67) (70) (71). An increase in 
impulse frequency from 20 to as high as 100 per second or more has been observed 
in phrenic motor neurons following clamping of the trachea (66). But probably 
of more significance in increasing respiratory depth is the factor of recruitment, 
for in eupneic breathing only a small fraction of the inspiratory motorneurons 
and even fewer expiratory motor neurons discharge impulses. With respiratory 
stimulation these quiescent neurons are progressively recruited, and the total 
force of respiratory contraction increases accordingly. In eupnea many inspira- 
tory neurons discharge only a few impulses at the peak of inspiration, but in 
hyperpnea these neurons begin to discharge early in the inspiratory cycle. Thus 
additional muscular force applied at the start of inspiration speeds the intake 
of air. 
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The statement of Adrian and Bronk (66) that recruitment of phrenic motor 
neurons plays no réle in the increased diaphragmatic excursion of hyperpnea is 
frequently referred to, but has no basis in fact, for recruitment has been re- 
peatedly observed in subsequent studies (33) (54) (68) (70). Their error is per- 
haps a tribute to their technical skill in dissecting from the phrenic trunk what 
truly must have been single nerve fibers. The reviewer in attempting similar 
dissections has usually split off twigs composed of several fibers, which invariably 
demonstrated recruitment. 

The pattern of respiratory motor discharge. Gesell et al. (20) (21) (68) (70) (72) 
have pointed out that the frequency of impulses discharged by inspiratory neu- 
rons characteristically is low at the start of inspiration, and gradually augments 
as the cycle proceeds, to reach a maximum at the peak of inspiration. Some 
neurons discharge throughout the inspiratory cycle, others are recruited only 
after inspiration gets well under way. Such a pattern of impulses provides for 
a muscular contraction of gradually increasing strength to overcome the increas- 
ing elastic resistance of the expanding thorax. The inspiratory discharge ceases 
abruptly at the end of inspiration, freeing the potential energy stored in the 
thorax in the form of elastic tension. Air is expelled from the lungs, at first 
rapidly and then more gradually, as this store of potential energy is dissipated. 

When breathing is stimulated so that expiration becomes an active process, the 
pattern of impulses discharged by expiratory neurons may be seen to differ from 
that of inspiratory neurons. The frequency characteristically is high at the start 
of expiration and gradually declines as the chest volume is reduced. ‘The appli- 
cation of maximum muscular force at the start of expiration speeds the expulsion 
of air early in the cycle when thoracic volume is greatest. Some expiratory 
neurons, however, discharge at a constant rate throughout the expiratory cycle, 
starting and stopping with equal abruptness. Gesell believes that these units 
may be more concerned with the maintenance of proper visceral and body posture 
than with the movement of air. 

RHYTHMIC PROPERTIES EXHIBITED BY THE RESPIRATORY CENTER. ‘The neurons 
of the respiratory center exhibit two types of rhythmic processes, the rhythmic 
discharge of trains of repetitive impulses and the rhythmic alternation of phases 
of activity and quiescence. The former we shall term the rhythm of the genera- 
tion of impulses, the latter, the rhythm of breathing. 

The rhythm of the generation of impulses. The neurons of the respiratory center 
are sensitive to their chemical environment, showing:a type of specialization not 
dissimilar to that of certain peripheral chemical receptor elements such as the 
taste buds or the carotid glomus receptors. Specifically these neurons are sensi- 
tive to the carbon dioxide pressure of the arterial blood, responding with an 
increased rate of discharge to a rise in arterial partial pressure. ‘They are prob- 
ably likewise sensitive to changes in thehydrogen ion concentration, temperature, 
oxygen pressure and rate of flow of the arterial blood which perfuses the medulla. 
But like other neurons they are excited by nerve impulses delivered to them over 
collaterals of the major ascending afferent tracts, the entering sensory divisions 
of the cranial nerves, and a number of descending motor projection systems. 
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The rate of discharge of impulses and the numbers of neurons active is finally 
determined by the sum of all the excitatory and inhibitory influences acting on 
them. For any given short interval of time, the sum of these influences can be 
considered as more or less constant. How does such a constant stimulus acting 
on the respiratory neurons cause them to discharge repetitive impulses, and how 
does an increase in such a stimulus increase their rates of discharge? 

Adrian and Zotterman (73) proposed a scheme to explain the repetitive dis- 
charge of peripheral receptor organs when acted upon by a constant stimulus, 
which with appropriate modifications has been applied by Pitts (74) to the re- 
spiratory center. Figure 2 presents in diagrammatic form the basic elements of 
this scheme. When a motor neuron discharges an impulse it becomes absolutely 
refractory for a period of 1 or 2 milliseconds, and then gradually recovers its 
excitability during a relatively refractory period lasting many milliseconds. 
Eventually its excitability returns to normal (75). A hypothetical curve of 
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Fig. 2. A diagrammatic representation of the mechanism of repetitive activity of a 
respiratory motor neuron based upon the time course of its recovery of excitability follow- 
ing the discharge of animpulse. (From Pitts, R. F., in Howell’s Textbook of physiology 
(74).) 


excitability for a single neuron of the respiratory center following the discharge 
of an impulse is plotted in figure 2in boldface. An absolutely refractory period of 
2 milliseconds during which excitability is zero, is followed by a relatively refractory 
period of 100 or so milliseconds, during which excitability returns gradually to its 
normal resting value. We may plot as horizontal lines A, B and C, three levels 
of maintained excitation, representing the sum of all stimuli acting upon the 
neuron under three different conditions. Let us assume that such stimuli acting 
on the neuron do not prevent it from recovering its excitability, and let us further 
assume that a second impulse will be discharged when the excitability of the neu- 
ron recovers sufficiently so that its threshold is exceeded by the sum of all the 
stimuli acting upon it. It is obvious from figure 2 that a second impulse will 
be discharged after 100 milliseconds at intensity A, after 50 milliseconds at in- 
tensity B, and after 25 milliseconds at intensity C. Following the discharge 
of this second impulse the entire cycle is repeated. It is thus evident that im- 
pulses will be discharged repetitively, and that an increase in the intensity of the 
stimulus acting on the neuron will cause it to discharge at a higher frequency. 
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For the intensities indicated on the graph, the hypothetical discharge frequency 
will vary from 10 to 40 impulses per second. 

Gesell (52) (76) has expanded this view and developed an electrotonic con- 
cept of the mode of origin of rhythmic impulses. There is assumed to exist a 
potential gradient between the dentritic processes and the axon hillock of the 
neuron such that current flows between these points.‘ As shown in figure 3 
the current flows from dendrites to axon hillock within the soma and in the re- 
verse direction in the surrounding medium. This electrotonic current emerging 
from the axon hillock is presumed to constitute the maintained stimulus referred 
to above, and to cause the repetitive generation of impulses at this point. The 
magnitude of this current, which fundamentally determines the frequency of 
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Fig.3. A diagrammatic representation of the electrotonic concept of nerve cell discharge. 
(From Gesell, R., Science (76).) 


discharge of the neuron, is affected both by the chemical environment of the cell 
and by the nerve impulses impinging on the cell. 

The mode of action of this chemical environment, specifically that of carbon 
dioxide, has received considerable attention. Haldane (77) believed that the 
respiratory center is exquisitely sensitive to the hydrogen ion concentration of 
the blood and that carbon dioxide acts as a stimulant by virtue of its properties 
as an acid when dissolved in blood, a view recently revived by Banus et al. (78). 
Gesell (79) maintains that respiration is regulated not by the hydrogen ion con- 
centration of the blood but by that of the interior of the respiratory neurons into 
which carbon dioxide, but not other acids, diffuses rapidly. Nielsen (80) and 
Schmidt and Comroe (81) hold that carbon dioxide as a molecular species acts as 
a respiratory stimulant independent of its properties as an acid. Recently it has 
been shown that carbon dioxide is metabolized by certain tissues (82), altering 
their rates of oxygen consumption (83) and rates of glycolysis (84). Perhaps 
such metabolic effects of carbon dioxide underlie its stimulating action. 


4This concept of longitudinal polarization of the nerve cell body was first clearly 
expressed by Gerard (139) (140). 
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Within the past few years Gesell and his co-workers have developed an acid- 
humero-electrotonic theory capable of explaining on a unitary basis both chemi- 
cal and nervous excitation of respiratory neurons. Acetylcholine deposited at 
the synapses by impinging nerve impulses is presumed to generate the potential 
differences upon which the flow of electrotonic current depends. They postulate 
that the potential difference at any moment depends upon the total quantity of 
acetylcholine pooled at the neuron. This total humoral pool is the resultant of 
the rate of its synaptic liberation, i.e., number of impinging impulses, and its 
rate of destruction, i.e., the activity of cholinesterase. An increase in the hydro- 
gen ion concentration of the blood and body fluids diminishes the rate of enzy- 
matic breakdown of acetylcholine, resulting in a greater pooling of the humor at 
the respiratory neurons. Thus the stimulating effects on breathing of an in- 
crease in hydrogen ion concentration of the blood whether produced by acid or 
by the inhalation of carbon dioxide is envisioned to be the consequence of its 
anticholinesterase activity (85, 86). 

One rather intriguing aspect of this theory lies in its explanation of both ex- 
citation and inhibition on the basis of a single neurohumor.’ Thus excitatory 
effects are mediated through those synapses which deposit acetylcholine on the 
dendrites and soma of the neuron, increasing the potential difference between 
these regions and the axon hillock. An increase in potential difference increases 
the flow of electrotonic current and the rate of discharge of impulses. On the 
other hand inhibitory effects are mediated through those synapses which impinge 
on the axon hillock. The deposition of acetylcholine in this region diminishes 
the potential difference between dendrites and hillock, thus reducing the flow 
of electrotonic current and the rate of generation of impulses. 

The theory of acid-humero-electrotonic control of breathing has been tested 
by rather indirect means. A number of simple model systems such as the cold- 
blooded heart (87), rectus abdominis muscle (88), and salivary gland (87) be- 
have with respect to nerve stimulation, application of acetylcholine and acidi- 
fication in accordance with the theory. Similarly the respiratory effects of pe- 
ripheral nerveexcitation, inhalation of carbon dioxide and administration of eserine 
and atropine may be broadly interpreted as supporting the hypothesis (90) 
(91). However, the theory if correct can be firmly established only by devising 
critical experiments which will test directly in the respiratory center each of its 
basic tenets. This will be a technical problem of no mean proportions. 

The rhythm of breathing. There have developed two divergent views of the 
factors underlying the rhythm of breathing. On the one hand this rhythm is 
considered to be an expression of an inherent automaticity of the neurons of the 
respiratory center; i.e., the individual respiratory neurons when freed of all 
afferent regulatory control, still discharge impulses in rhythmically repeated 
trains. On the other hand this rhythm is considered to be an expression ofthe 
periodic interruption of a maintained tonic discharge of the medullary respiratory 


6 The basic concept of excitatory and inhibitory poles of the neuron had been devel- 
oped previously by Gerard (139) (140) and is equally applicable whether the synaptic 
exciter is humoral or electrical. 
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center by two inhibitory mechanisms, the one a vagal reflex mechanism, the other 
a brain stem mechanism, the pneumotaxic center. 

The concept of inherent rhythmicity of the respiratory center is based upon the 
following lines of evidence. Rosenthal (92) found that breathing, although 
modified, remains rhythmic after transection of the brainstem between the su- 
perior and inferior colliculi and section of the spinal dorsal roots and cranial 
nerves. Winterstein (93), Adrian and Bronk (66) and Gesell (79) noted that 
rhythmic bursts of impulses can be recorded from the respiratory motor nerves 
of curarized animals in which all respiratory movements had been abolished. 
Adrian and Buytendijk (94) observed rhythmic potentials of a frequency ap- 
proximating that of the normal respiratory movements in the isolated brainstem 
of the goldfish. Heymans and Heymans (95) noted that rhythmic respiratory 
movements of the larynx persist in the isolated perfused head of the dog. Since 
these procedures, involving more or less complete surgical and pharmacological 
deafferentation of the brainstem, do not abolish the rhythm of breathing, the con- 
clusion that the respiratory center is inherently rhythmic seems superficially to 
be a reasonable one. It must be realized, however, that: the evidence is of a 
negative sort, i.e., these stated procedures do not abolish the rhythm of breath- 
ing. In fact, as will be evident subsequently, none of them abolish the inhibitory 
functions of the pneumotaxic center. 

A number of theories have been advanced to account for this presumed auto- 
maticity of respiratory neurons. Thus Adrian and Buytendijk postulated that 
the respiratory neurons are progressively depolarized during activity and re- 
polarized during quiescence. Head (96) implied that the neurons contain some 
limited store of energy-producing materials which are utilized during the phase of 
activity and restored during quiescence. Gesell (52) believed that summation of 
subnormality during the phase of activity reduces excitability to a point where 
discharge ceases, whereas normal excitability is recovered during quiescence. 

' Evidence that the rhythm of breathing is impressed upon the neurons of the 
respiratory center by inhibitory mechanisms acting from without was first ad- 
vanced by Marckwald (14) (15) (97). He observed that if the brainstem of a 
rabbit is transected through the pons, i.e., below the inferior colliculi, respiration 
remains normal so long as the vagus nerves are intact. But upon section of the 
vagi, the animal inspires deeply and the chest is held in a fixed position of in- 
spiration until death ensues from asphyxia. If the transection is made ata 
higher level, i.e., between the superior and inferior colliculi, section of the vagus 
nerves merely leads to slowing and deepening of breathing. ‘Therefore there lies 
between these two levels of transection, presumably in the inferior colliculi, 
a mechanism capable of maintaining rhythmic breathing when the vagus nerves 
are cut. Marckwald concluded that the medullary respiratory center has no 
inherent rhythm of its own but mediates maintained tonic inspiration, or inspira- 
tory cramp as he termed it. ‘Two inhibitory mechanisms, the one a vagal reflex 
mechanism, the other a mechanism located in the inferior colliculi, serve to in- 
terrupt this inspiratory cramp and convert it into rhythmic respiration. Either 
mechanism alone is capable of conferring rhythmicity on the respiratory center. 
In normal breathing the vagal inhibitory mechanism plays the major réle. 
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The findings of Marckwald were confirmed by a number of his contemporaries 
including Loewy (98), Asher and Luscher (99), Lewandowsky (48) and others. 
But Schrader (100) and Langendorff (101) studying respiration in the frog failed 
to obtain evidence of either inhibitory mechanism. In general the results of 
Lumsden (102, 103, 104) on the cat are in accord with the views of Marckwald 
with the following noteworthy exceptions. Lumsden placed the brainstem in- 
hibitory mechanism in the rostral few millimeters of the pons, not in the inferior 
colliculi as had his predecessors. Furthermore he maintained that the exclusion 
of this region, which he termed the pneumotaxic center, abolished rhythmic 
breathing even though the vagi were intact. The inspiratory cramps or ap- 
neuses as he called them represent the release of the inspiratory center from 
rhythmic inhibition by the pneumotaxic center. 

Observations of Henderson and Sweet (105), Teregulow (106) and Hess (107) 
were more in accord with those of Marckwald than with those of Lumdsden. 
However they interpreted apneuses as postural manifestations of decerebrate 
rigidity, not as respiratory phenomena. In somewhat the same vein Nicholson 
and Hong (108) have recently described, as a consequence of pontile decerebra- 
tion and vagal section, an increase in inspiratory tone of the thorax with super- 
imposed rhythmic respiratory movements. 

The earlier literature on the réle of the pneumotaxic and vagal reflex mech- 
anisms in contributing rhythmicity to breathing is both confusing and intrigu- 
ing. That the vagus nerves and a nervous mechanism located in the brainstem 
rostral to the medullary respiratory center together exert a profound influence 
on the rhythm of respiration is evident. But the significance of these mecha- 
nisms has long been a subject of controversy. Recent investigations of Stella 
(30, 31, 35) and Pitts et al. (32) (33) (36) have advanced our knowledge of these 
mechanisms and have permitted a formulation of their réle in respiration. In 
general the concepts originally outlined by Marckwald have been confirmed. 

It has been shown that the pneumotaxic center is a bilateral structure situated 
for the most part in the upper few millimeters of the pons (35) (36), but extending 
in reduced form as a scattered collection of neurons down into the medulla (33). 
The persistence of this small medullary remnant in an animal whose brainstem 
_ has been transected through the pons may account for the very slow apneustic 
rhythm of breathing which has been observed occasionally after vagal section. 
The pneumotaxic center is connected with the medullary respiratory center by 
ascending and descending pathways which course through the lateral parts of 
the medulla and pons ventral to the bulbar trigeminal tracts (36). Localized 
electrolytic lesions so placed as to interrupt these pathways, or transection of the 
brainstem caudal to the pneumotaxic center have no effect on eupneic breathing 
nor do these procedures alter the response of the medullary respiratory center 
to various repiratory stimuli (31) (33) (35) (36). Thus rate and depth of res- 
piration increase in a normal fashion when carbon dioxide is administered (30), 
when cutaneous afferent nerves are stimulated (36), and when the carotid glomus 
is excited (31). The application of cold thermodes to block the vagus nerves or 
secion of these nerves abolishes rhythmic breathing and leads to the development 
of apneusis. The depth of apneusis is increased by those same stimuli which 
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increase the rate and depth of rhythmic respiration. Apneusis is, therefore, a 
respiratory phenomenon, and not a postural manifestation of decerebrate 
rigidity. This view is borne out by the observation that transection of the brain- 
stem immediately caudal to the inferior colliculi produces decerebrate rigidity, 
but since the pneumotaxic center remains intact, apneusis does not result when 
the vagi are subsequently blocked (32, 35). 

One vagus nerve or one-half or less of the bilateral pneumotaxic center in 
functional connection with the medullary respiratory center is sufficient to main- 
tain rhythmic breathing (32). When these inhibitory influences are completely 
abolished and apneusis produced, intermittent stimulation of the expiratory 
center or of the central end of one vagus nerve restores the rhythm of breathing 
(36). Both procedures effect a rhythmic inhibition of the tonically active in- 
spiratory center, and thus convert the maintained inspiration into a series of 
interrupted inspiratory movements. The pattern of the motor neural discharge 
responsible for these artificially induced respiratory movements is identical with 
that of normal rhythmic breathing (33). This fact provides strong support for 
the view that normal rhythmic breathing results from intermittent inhibition of 
the tonically active inspiratory center by vagal afferent impulses. 

FUNCTIONAL INTERRELATIONSHIPS OF THE RESPIRATORY COMPLEX. The 
functional interrelationships of the medullary respiratory center, the vagal 
inhibitory mechanism and the pneumotaxic center have been summarized by 
Pitts (33) (74). The basic elements of this organization are presented in dia- 
grammatic form in figure 4. The neurons of the respiratory center, sensitive 
to their chemical environment and to nerve impulses impinging upon them, 
discharge impulses repetitively. These impulses, transmitted over the central 
respiratory pathways to cranial and spinal motor nuclei, are relayed out over 
peripheral motor nerves to cause contraction of the respiratory muscles. 

The neurons of the inspiratory center are more excitable than are those of the 
expiratory center, and in eupnea breathing is largely an inspiratory process. 
When respiration is stimulated either chemically or as a result of an increased 
inflow of excitatory afferent impulses, less excitable neurons are recruited and 
those previously active discharge at higher frequencies. Inspiration is deeper 
and fuller and expiration becomes active. 

When the medullary respiratory center is isolated from the major inhibitory 
influences mediated through the pneumotaxic center and the vagus nerves (cf. 
dashed lines in fig. 4 indicating transection of the pons and section of the vagus 
nerves) maintain inspiration or apneusis results. The more excitable neurons 
of the inspiratory center discharge a continuous series of impulses. Because of 
reciprocal connections between the two centers, the expiratory center is inhibited, 
and the rhythm of breathing is abolished. The greater the chemical or synaptic 
drive acting on the respiratory center, the higher is the frequency of discharge of 
the individual inspiratory neurons, the greater the number of neurons active, 
and the deeper the maintained inspiration. Thus regulation of the depth of 
breathing is dependent upon the properties and organization of the respiratory 
center and its peripheral effector pathways. 

As the lungs expand in inspiration the stretch receptors of the pulmonary 
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parenchyma are stimulated (109, 110). Impulses conducted centrally over 
afferent fibers of the vagus nerves (cf. fig. 3) excite the expiratory center (36, 
111, 122). In eupnea the major effect of excitation of the expiratory center is 
inhibition of the inspiratory center, for expiration is largely passive. As the lungs 
deflate the inflow of afferent impulses over the vagi subsides, and the inspiratory 
center released from inhibition again begins to discharge. The respiratory cycle 
is then repeated. 
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Fig. 4. A diagrammatic representation of the organization of the basic neural mecha- 
nisms responsible for rhythmic respiration. (From Pitts, R. F., in Howell’s Textbook of 
physiology (74).) 


When breathing is stimulated, the more intense discharge of the inspiratory 
center causes a more rapid inflation of the lungs. Because a greater barrage of 
afferent impulses is required to inhibit the inspiratory center, inspiration pro- 
ceeds to a greater depth (109). Active expiration speeds the collapse of the 
lungs, and because the lungs are deflated to a greater degree receptors are stimu- 
lated which excite the succeeding inspiration (109,110). The increase in velocity 
of both inspiration and expiration shortens the respiratory cycle and increases the 
rate of respiration. The addition of the vagal inhibitory mechanism to the med- 
ullary respiratory center imparts rhythmicity to breathing and provides the 
basis for variations in the rate of respiration. 
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The pneumotaxic center serves an inhibitory function much like that of the 
vagal reflex mechanism but differs in that it lies wholly within the brainstem 
(cf. fig. 4). Impulses originating within the inspiratory center are transmitted 
rostrally over ascending pathways in the lateral part of the tegmentum of the 
brainstem (32). These impulses are relayed through the pneumotaxic center and 
returned over descending pathways to excite the expiratory center. When this 
barrage of impulses reaches a sufficient intensity, the inspiratory center is in- 
hibited and the circuit ceases to function. As activity of the expiratory center 
declines, the inspiratory center escapes from inhibition and the cycle is repeated. 
In eupneic breathing the vagal mechanism is dominant and the pneumotaxic 
center subsidiary, whereas in the polypnea of thermal or decorticate panting the 
reverse is true (32, 113, 114). In all instances after section of the vagus nerves, 
rhythmicity of breathing depends upon the inhibitory functions of the pneumo- 
taxic mechanism. Failure to eliminate this mechanism in the surgical and phar- 
macological deafferentations of the respiratory center described earlier (66, 79, 
92, 93, 94, 95), accounts for the persistence of rhythmicity of breathing which was 
erroneously ascribed to inherent automaticity of the medullary respiratory center. 

THE REGULATION OF THE ACTIVITY OF THE RESPIRATORY CENTER. An ac- 
count of the nature and réle of the many neural and chemical factors which 
regulate ventilation is beyond the scope of this review. A number of excellent 
summaries have appeared within recent years which the interested reader may 
consult for detailed information (1, 52, 53, 79, 81, 115, 116, 117). Suffice it to 
indicate here in general terms how these several factors affect the neurons of the 
respiratory center. 

Sensitivity of the respiratory neurons to their environment. That carbon dioxide 

is the chemical stimulant par excellence of the neurons of the respiratory center 
was amply demonstrated by Haldane and his co-workers (118, 119, 120). In eup- 
nea ventilation is so regulated as to maintain the partial pressure of carbon dioxide 
in the arterial blood perfusing the respiratory center at a relatively constant 
value near 40 mm. Hg. Any increase in carbon dioxide pressure causes an in- 
crease in the respiratory motor discharge; any decrease diminishes the discharge. 
That these respiratory effects are mediated in large part through a direct action 
of carbon dioxide on respiratory neurons has been demonstrated by their persis- 
tence in undiminished form following denervation of the carotid and aortic 
chemo-receptors (121, 122, 123). 
_ The neurons of the respiratory center are likewise stimulated directly though 
to a lesser degree by a rise in temperature, by a decrease in flow and by an in- 
crease in acidity of the arterial blood perfusing the medulla. A decrease in oxy- 
gen pressure on the other hand primarily depresses the respiratory neurons (121, 
124). 

The nervous regulation of breathing. Except in conditions of eupnea, nervous 
mechanisms, both reflex and voluntary, play a more significant réle in the 
regulation of ventilation than does the sensitivity of the respiratory center 
to its environment (115, 117). Even in eupnea, as pointed out above, the 
Hering-Breuer inhibitory reflexes are intimately concerned with rhythmicity of 
breathing. 








626 ROBERT F. PITTS 


It is generally agreed that respiratory stimulation in anoxia depends upon 
reflex excitation of the inspiratory and expiratory centers by impulses from the 
carotid and aortic glomi (121, 125, 126) transmitted to the respiratory center 
over the glossopharyngeal and vagus nerves. These chemoreceptors are like- 
wise sensitive to increases in carbon dioxide pressure and hydrogen ion concen- 
tration of the blood, although it is probable that their sensitivity is of a lower 
order of magnitude than is that of the neurons of the respiratory center (122, 123). 
Some claim that chemo-receptor reflexes play a more or less prominent réle in 
the regulation of ventilation in eupnea (127, 128); others maintain that they are 
active only in such emergency states as anoxia, severe hypercapnia and acidosis 
(129). 

The major ascending sensory tracts and cranial sensory roots give off collaterals 
to the inspiratory and expiratory centers in their passage through the medulla. 
Proprioceptive afferents from thoracic muscles exert a regulatory control over the 
depth and rhythm of breathing (130, 131). Noxious stimuli applied to the skin 
and deeper somatic structures excite hyperpnea; applied to the respiratory pas- 
sages they produce apnea. Passive movements of the limbs reflexly stimulate the 
respiratory center (132, 133). Distention of the great veins and right atrium 
by a rise in venous pressure increases ventilation (134). An increase in arterial 
pressure reflexly induces apnea, a fall leads to hyperpnea (135). 

In man voluntary control of respiration is important in such activities as 
speaking, singing, whistling, blowing, straining, etc. This control depends on 
regulatory nerve impulses impinging on the respiratory center over pathways 
which descend from the cerebral cortex (42, 43, 44). Of all the neural mecha- 
nisms which regulate the respiratory center, the voluntary mechanism is basically 
the most powerful. Thus by breathing as deeply and rapidly as possible ventila- 
tion may be increased to as much as 150 liters per minute or more (136), a value 
in excess of that observed in severe muscular exercise to the point of exhaustion 
(137, 138). 

The thermal regulatory center in the hypothalamus exerts a powerful control 
over the respiratory center in lower animals. Thus the polypnea of thermal pant- 
ing depends upon impulses which descend from the anterior hypothalamic areas 
to the pneumotaxic center, facilitating it and causing it to become the dominant 
factor in determining the respiratory rhythm (32, 113, 114). Emotional hyper- 
ventilation in man, which may in part be hypothalamic in origin and in part 

cortical, is often of an intensity sufficient to induce severe alkalosis and tetany. 
' Ultimately the activity of the respiratory center is determined by the sum of 
all the excitatory and inhibitory factors playing upon it. This is especially evi- 
dent in exercise in which ventilation may increase to as much as 120 liters per 
minute. Comroe (115) has pointed out that many types of stimuli must sum- 
mate at the respiratory center to increase ventilation to such an extent. Al- 
though specific circumstances may be cited in which one or another factor plays 
a dominant réle in regulating respiration, the rate, depth and rhythm of breath- 
ing are finally determined by the summated contributions of all. 
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SUMMARY 


The neurons which constitute the respiratory center are diffusely distributed 
through the reticular formation of the caudal half of the bulb. Those in the 
ventral reticular substance overlying the inferior olivary nuclei are concerned 
with inspiration. Those in the dorsal reticular substance are concerned with 
expiration. Excitatory connections between the constituent neurons ofa given 
center provide for co-ordination of contraction of widely distributed respiratory 
muscles. Inhibitory connections between the two centers provide for alternation 
of contraction of inspiratory and expiratory muscles. 

The neurons of the respiratory center are sensitive to the chemical and physical 
constitution of their fluid environment. They are excited by impulses impinging 
upon them by way of collaterals of the major sensory and motor tracts. Under 
combined chemical and synaptic stimulation these neurons discharge impulses 
repetitively. The more intense the chemical stimuli and the more numerous 
the synaptic stimuli, the greater is the frequency of discharge of impulses and the 
greater is the number of neurons active. Since the inspiratory neurons have the 
lowest threshold, inspiration is thedominant phase of respiration. In the absence 
of inhibitory influences which act upon the inspiratory center from without, its 
discharge is continuous, and maintained tonic inspiration or apneusis results. 
The depth of the apneusis is a function of the sum of all the stimuli acting upon 
the neurons of the inspiratory center. 

Two inhibitory mechanisms operate to interrupt rhythmically this repetitive 
activity of the inspiratory center, namely, the vagal inhibitory mechanism and the 
pneumotaxic mechanism. As the lungs inflate during inspiration, impulses which 
originate in pulmonary stretch receptors and which travel centrally over afferent 
fibers of the vagus nerves excite the expiratory center. The inspiratory center is 
reciprocally inhibited and expiration results. As the lungs deflate, the afferent 
inflow diminishes, the inspiratory center escapes and the cycle repeats. The 
pneumotaxic mechanism plays an analogous although a subsidiary réle under 
most circumstances. Thus impulses originating in the inspiratory center are 
transmitted rostrally to the pneumotaxic center and are then relayed caudally 
to the expiratory center. Excitation of the expiratory center leads to recipro- 
cal inhibition of the inspiratory center, whereupon the circuit ceases to function 
and the cycle repeats. When the vagus nerves are cut the pneumotaxic center 
maintains the rhythm of breathing. 

The rhythm of breathing is impressed upon the respiratory center by 
inhibitory mechanisms operating from without; it is not an expression of prop- 
erties inherent in the neurons of the center. The depth of breathing is deter- 
mined by the sensitivity of these neurons to their environment and by the ex- 
citatory influences exerted by the many afferents which impinge upon them. 
The rate of breathing is determined by the excitability of the neurons of the cen- 
ter and by the activity of the inhibitory mechanisms which rhythmically interrupt 
their repetitive discharge. 
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